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ABSTRACT PAGE
Two novel processes useful for the fabrication o f surface-metallized dielectric 
substrates are described. These protocols apply most notably to the silvering of 
polyimides.
In the first approach commercially available permanent marking inks are utilized 
to bind with complete selectivity nanoparticulate silver to the surface o f several 
dielectrics, including glass, epoxy circuit board substrate, and polyimide. A silvered 
surface is realized when silver nanoparticles are brushed across a dry ink pattern or 
coating. When performed with small (average diameter ca. 10 nm) silver nanoparticles, 
sintering begins with thermal treatment to 75 °C, and conductivity approximately that o f 
bulk polycyrstalline silver is achieved by treatment to 125 °C. In this case, adhesion of 
the silver layer is often excellent. This approach is rapid and facile, and could be applied 
to the ink-jet printing o f silver circuitry in a two-stage process, wherein patterns are 
printed o f marking ink and metallized after the ink had dried.
In the second approach a novel fluorinated copolyimide incorporating solubility, 
low absorption in the visible region, and a dangling carboxylic acid group is metallized 
by doping with silver(I) salts and reducing this silver(I) to a metallic surface layer with a 
chemical reducing agent after solvent depletion. The copolymer, 6FDA/0.5 4,4'-ODA- 
0.5 DAB A, possesses the notable properties o f the fluorinated polyimide class. Upon 
reduction with aqueous hydrazine hydrate or hydroxylamine, silver(I) concentrations as 
low as 4 wt % relative to the polymer alone afford surfaces with bulk conductivities 
within an order o f magnitude o f pure silver, and absolute reflectivities as high as 85 %. 
Adhesion o f the silver layer is always unfailing. This process is particularly useful for 
dip, spray, screen print, or ink-jet print fabrication o f conductive and reflective surfaces, 
coatings, and patterns.
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Introduction.
The utility o f  silver-polyimide composites. The metallization o f organic dielectric 
substrates, and the study o f the resultant interface, remains an area o f  intense interest.1' 12 
The study o f  silver on polyimides has been a major part o f this, due to the significant
1 T TOproperties o f each o f the two components. ' Silver possesses the highest electrical and 
thermal conductivity o f all elements, along with very high reflectivity and ductility.40,41 
As a useful addition, silver can also act as a less-expensive model system for gold, and 
often serves as an easier-to-study model for copper.41,42 While it lacks the catalytic 
employment o f palladium or platinum, composites and devices originally designed with 
silver can often be extended to palladium, due to similar properties o f the neighboring 
elements, and from there sometimes to platinum.42'46 Polyimides are well known for 
their low dielectric constants, excellent mechanical properties, excellent thermal and 
oxidative stability, and good chemical resistance.9 Composite films, membranes, 
coatings, and devices o f these two materials are highly desirable, as metallized polymers 
generally retain the unique and useful properties of both com ponents.10
Such composites are o f especial relevance for circuitry applications, from 
mundane to exotic. Flexible circuitry o f any kind remains o f strong interest, with silver 
specifically desired in some applications for its highest electrical conductivity (excluding 
superconductors).41,47 In applications where copper would be preferred for its cost 
efficiency, silver circuitry remains interesting for its higher intrinsic conductivity, lower 
temperature coefficient o f conductivity, and for the hints provided towards the 
construction o f analogous methodologies exploiting copper.13,14 Compared with 
copper(I), where oxidation to copper(II) is usually a concern requiring special handling,
-  1 -
working with silver(I) is incredibly easy. Additionally, the fast templating or repair o f 
circuitry remains o f great interest in all relevant areas; current protocols consume time 
and require highly specialized equipment.14,48 Circuit applications on earth include silver 
pastes for circuit element attachment and circuit repair, radio-frequency identification 
(RFID) tags, light-emitting diodes, EM shielding, and anti-static coatings.47,49,50,2 In 
space, circuitry aims largely at flexible or deployable antennae on colorless polyimide 
bases.51,52
Silver-polyimide composite membranes are sought for several other applications 
as well. Among these are flexible, foldable, or oddly-shaped surfaces for reflectivity. On 
earth, for example, LEDs and hollow waveguides need a high reflectivity and 
conductivity, which silver provides.50,53,54 In space, solar sails and steering panels require 
the high reflectivity and light weight— not to mention the deployable-in-space nature— of 
this type o f composite.55'63 O f primary and singular importance are the biocidal and 
antifouling applications made possible by silver’s high bacterial but low mammalian 
toxicity.41,64'67 Such applications include anti-infective tubing and anti-fouling coatings 
for ship hulls.
As an additional utility silver-polyimide composites remain o f interest as model 
systems for catalysis. While silver has little catalytic activity, other noble or passive 
metals— especially platinum, but also palladium and gold— possess great strength in this
68 75area. ' Fuel cells and separation membranes rely on platinum or palladium catalysts,
preferably mounted on a highly stable polymer like a polyimide.76'78,79, French’2005 # 139
Silver does have some catalytic activity in separation membranes, and can be of especial
80 82modeling import as a result. " Silver can provide clues to the preparation o f such
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materials due to its impressive passivity, low valency, and very favorable reduction 
potential.
Several polyimide substrates are available, and the most suitable one depends on 
the desired application. Kapton® (PMDA/ODA) remains the best-known polyimide in 
existence, and is insoluble in the imide form (all polyimides are soluble as poly(amic 
acids)). Ultem® is described due to the synthetic route required as a polyetherimide, but 
is also commercially available, and is soluble in polar aprotic solvents.83 Other 
traditional polyimides, e.g., BTDA/ODA, BPDA/ODA, ODPA/ODA, may be just as fine, 
but are neither commercially available nor soluble in the imide form. Fluorinated 
polyimides, e.g., LaRC CPI® (6FDA/4-BDAF) and LaRC CP2® (6FDA/APB), are 
generally considered space-durable, due to their colorless nature, and are soluble in polar 
aprotic solvents. Flowever, both o f these polymers retail at prices two orders of 
magnitude above the traditional versions, due to the costs o f fluorination.
Related art. The state of the art in silver-polymer composites, however, significantly lags 
the utility of these materials. This is even more true for those materials for which silver 
might serve as a model system. For active metals, especially chromium and aluminum, 
vapor deposition far and away excels as the application technique. Flowever, this highly 
sophisticated and well-developed field has limited applicability to silver-polyimide 
composites, as passive metals do not adhere well to polyimides or most other organic 
substrates.11,12 W hile certainly an active metal can be applied as a seed or binding layer 
and then the passive metal applied to this, such a protocol does not represent the ideal 
because o f the increased cost and the extra processing time. Furthermore, traditional
inorganic lithography techniques, so useful for silicon substrates, are not compatible with 
organic polymer substrates.13,48 In response to these concerns, and the desire for 
protocols not requiring highly specialized equipment, several approaches have been 
devised.
These approaches fall into two major categories, thermal and chemical. The 
thermal metallization o f polyimides dates originally to 1963;85,86 after initial disclosure 
by Endrey, approximately 20 years passed before research was resumed by Auerbach,87
45 88 93and by Taylor and coworkers. ’ ' Southward and Thompson extended the work to
other silver complexes and polymer systems, and further explored Taylor’s work with
palladium(II) complexes.29'39,43,44 Attempted extensions to copper(II) systems have not
been successful.94 This protocol follows a few simple steps. First, dissolve a silver salt
or complex into a solvent compatible with the desired soluble polyimide or poly(amic
acid) form o f a polyimide. Second, add the polymer, and stir until dissolved and
thoroughly mixed. Third, cast the film and allow the solvent to evolve, generally in a
low-humidity atmosphere. Fourth, heat the film to 275 to 300 °C to reduce silver and
raise the film above the polym er’s glass transition temperature, and allow the silver to
migrate to the surface while also curing poly(amic acids) to the poly(imide) form. These
films can be made reflective at very low concentrations (as low as 2 wt % silver relative 
1 2to the polyimide), ’ but can only be made conductive at much higher concentrations (10 
to 13 wt %).34
The chemical approaches cover the bulk o f the art. First, Mazur and coworkers
22 27sought to form conductive surfaces on Kapton using a countercurrent ion flow. ' The 
resultant layers are highly reflective and modestly conductive, and can be made >98%
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conductive as bulk polycrystalline silver by thermal annealing at 400 °C, but are trapped 
well inside the polym er matrix. Had this worked, that is, could metallized surfaces be 
formed instead o f interlayers, it would have been o f extraordinary interest, as it would not 
require the curing o f the polymer to its imidized form, a significant improvement. 
Akamatsu and coworkers and Abadie and coworkers have reported fabrication routes 
which begin by hydrolyzing the surface o f a polyimide (typically Kapton®) film with
1 T 9 1strong base (e.g., 5 M KOH) to the amide-carboxylic acid (amic acid) form.
Subsequent ion exchange using silver®  nitrate produces s ilver®  carboxylate groups 
along the polym er backbone. This silver®  can then be reduced with either an aqueous 
reducing agent like sodium borohydride, or using UV light. In either case, water must sit 
on the surface o f the film during reduction, to provide ion mobility. Presumably, the 
water is drawn into the film by the hydrophilic ionic and polar groups, allowing for ion 
diffusion inside the film. After the silver is reduced, the poly(amic acid) can be restored 
to the poly(imide) form by thermal treatment to 300 °C, or presumably by chemical 
imidization using acetic anhydride and pyridine, though the latter is not discussed. 
Because o f the m uch higher sensitivity to hydrolysis o f poly(amic acids), they are not 
considered suitable for end-use applications. That is, only the polyimide form o f the 
polymer is considered acceptable for deployment.
The final approach to the fabrication o f flexible circuitry remains a rather young 
field, and revolves around the ready availability o f ink-jet printing technology. The class 
is described as “direct-write” technology, presumably as opposed to deposition-mask- 
etch protocols.48 Several major thrusts have been explored, including printing silver 
nanoparticles for later annealing to conductivity,95 printing a silver®  solutions for
-5 -
annealing to reduce the silver and provide conductivity,96 and printing silver 
nanoparticles dispersed with carboxymethyl cellulose for good adhesion o f silver to the
97substrate. In the first two, conductivity was achieved, but at the expense o f adhesion.
In the second, adhesion was achieved, but at the expense o f conductivity. In more recent 
work, conductivity seems to have been o f primary importance, leading to several 
nanoparticle printing compositions with varying sintering temperatures considerably 
lower than the melting point o f silver.98’100 Given the low adhesion and the desire for 
even lower sintering temperatures, this promising field remains under development.
Goals o f  the present work. This research seeks to produce films with either high 
electrical conductivity, or high electrical conductivity and specular reflectivity, by novel 
processes which reduce fabrication time and complexity and enhance adhesion without 
compromising desirable properties. Described herein are two novel metallization 
protocols specifically useful for the surface silvering o f polyimides. In the first process, 
permanent ink is applied to the polyimide substrate, or to another dielectric substrate. 
Silver nanoparticles are then applied to the surface o f the dry ink, where they adhere with 
complete selectivity. In the second method, a silver salt is dissolved in a specially- 
designed soluble polyimide. After removal of the solvent, the polyimide is metallized by 
treatment with a chemical reducing agent. Either of these compositions could be useful 
for the ink-jet printing o f silver patterns or surfaces, given suitable equipment. 
Furthermore, both are immediately useful without modification for the rapid fabrication 
or repair o f silver surfaces or patterns, with minimal technology and modest resolution.
Part I: Ternary systems utilizing nanoscale binding.
Introduction
The approach detailed in this section, useful for the preparation of patterned or 
continuous metallized surfaces on dielectric substrates, rests on the following line of 
reasoning. It is well-known that readily available, commercial permanent marking inks 
adhere strongly when written onto a variety o f substrates, including metals, glasses, and 
polyimides. In light o f the poor adhesion o f these substrates to one another, the high 
adhesion o f the inks is a very interesting property, as it m ight be used as an adhesive to 
bind a metal to a dielectric. The resultant structure would be a layered ternary “metal- 
permanent ink-dielectric” system, presumably with excellent adhesion between the 
layers. The utility o f  such a system would be high, allowing the directed adhesion of 
passive metals to a variety o f dielectric substrates including polyimides. Furthermore, 
since the adhesive layer would be not only commercially available, but also an ink, the 
ink-jet printing o f the adhesive layer should be readily achievable with minimal 
modification o f adhesive composition (i.e., at worst a viscosity modifier would need to be 
added to the ink, to adjust the viscosity to 1-8 cP97) or retooling o f machinery.
Silver nanoparticles were selected to test this hypothesis on dry permanent 
marking ink. Having greatly increased effective surface area relative to the bulk, and 
possibly a higher surface free energy,101 silver nanoparticles allowed for rapid 
determination o f the feasibility of such a methodology. Thus, the approach o f this section 
is to coat or to pattern a glass, polyimide, or other substrate with a permanent marking ink 
and then brush with modest pressure, that is, contact print, silver nanoparticles across the
- 7 -
inked substrate. The nanoparticles should adhere selectively to the ink layer but not to 
the substrate, leaving a well-adhered silver surface or pattern, exactly as drawn with the 
permanent marking ink. It is well-established that silver nanoparticles sinter at 
temperatures significantly lower than the melting point of silver;98,99,100, Reich’ 1987 #72’102’103 
as such, modest thermal treatment should afford a highly conductive surface or pattern.
Furthermore, given the increasing surface area to volume ratio with decreasing 
nanoparticle diameter, it was hypothesized that success with modest (ca. 100 nm) 
nanoparticles would portend greater success with smaller (ca. 10 nm) nanoparticles. The 
greater surface area to volume ratio should provide stronger adhesion, better nanoparticle 
packing, and lower sintering temperatures, all due to decreased size and increased contact 
area.
Herein is presented the results o f efforts to prepare silver patterns by the above 
protocol, using a permanent marking pen o f the Sanford Corporation and silver 
nanoparticles o f a variety o f forms and dimensions. Characterization o f adhesion and 
conductivity is recorded, and scanning electron microscopy employed.
Experimental
Materials. Fine, Extra Fine, and Ultra Fine Sanford Sharpie® Permanent Ink Markers, 
Fine Staedtler Lumocolor® Permanent Ink Markers, polyethylene (PE) baggies, and 3M 
Scotch® Tape were purchased locally. Glass petrographic slides (27 mm x 46 mm) were 
obtained from Buehler Ldt. (Lake Bluff, IL). Commercial Kapton film was a gift of R. L. 
Kiefer; BTDA/4,4'-ODA polyimide film was prepared as reported by Southward et al.34 
Dimethylacetamide (DMAc, 99.8% anhydrous), ethylene glycol (EG, 99.8% anhydrous),
silver acetate (AgOAc, 99.99%), dodecylamine (98%), 1-hexadecylamine (technical 
grade, 90%), phenylhydrazine (97%), polyvinylpyrrolidone (PVP, 55,000 and 1,300,000 
M.W.), poly(methyl methacrylate) (PMMA, 15,000 M.W.), and 0.025 mm silver foil 
(99.9%) were used as received from Sigma-Aldrich (St. Louis, MO). 1, 1, 1, 5, 5, 5- 
hexafluoroacetylacetone (HFAH) was refrigerated and used as received from Sigma- 
Aldrich. Silver(I) nitrate (AgN03 , 99.97%), auric acid (H A u C L A ^ O , reagent grade), 
ethanol (95%), methanol (reagent grade), toluene (reagent grade), and acetone (reagent 
grade) were acquired from Fisher Scientific (Pittsburgh, PA). Poly(butyl acrylate-co- 
acrylic acid) (50:50) (PBA-AA) was purchased from Polysciences (W arrington, PA). 
Ultem 1000 film was purchased from C.S. Hyde (Lake Villa, IL). Poly(ethylene 
terephthalate) (PET) was purchased from NewVac, coated on one side with Indium Tin 
Oxide (ITO) (Santa Rosa, CA). Silver “nanopowder” (<100nm; the particles protected 
with a proprietary organic molecule which was determined to be 2.5 w t % by thermal 
gravimetric analysis) was purchased through Sigma-Aldrich (99.5%, catalog number 
576832-5G, designated sample type A). Other silver nanoparticles were synthesized as 
described below.
Synthesis o f  silver nanoparticles. In addition to the silver nanoparticles (A) purchased 
from Sigma-Aldrich, five more types o f nanoparticles were synthesized.
B. Uncoated silver nanospheres and nanoquasispheres. All glassware used for 
protocol B was cleaned rigorously by soaking for at least four hours in aqua regia (3 parts 
concentrated hydrochloric acid, 1 part concentrated nitric acid) before rinsing with de­
ionized water and drying at or above 55 °C for > 8 h. As an example o f the preparations
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utilized, 15 mL o f  DMAc were heated to 150 °C with magnetic stirring in a 25-mL 
round-bottomed flask by means of a silicon oil bath. Silver nitrate, 1.143 g (6.7 mmol), 
was dissolved in 5 mL o f DMAc. When the 15 mL o f DMAc reached 150 °C, the silver 
nitrate solution was added over 5 min via a syringe pump (Kd Scientific, New Hope, PA). 
The resulting solution turned light yellow shortly after the addition of silver nitrate began, 
indicating the presence o f silver metal nanoparticles by plasmon resonance at ca. 420 
nm .104 The reaction proceeded for 75 min, at which point the flask was removed from 
heat, and the mixture consisting of a dark olive-gray solid suspended solid in DMAc was 
poured into a 50-mL beaker and allowed to stand overnight. The initially suspended dark 
solid separated to the bottom of the beaker leaving a clear yellow supernatant which was 
decanted from the solid. The supernatant was then heated to 150 °C with stirring for a 
second time, and was held at that temperature until adding aqueous sodium chloride to an 
aliquot o f the reaction solution did not precipitate silver chloride (ca. 8 h). After cooling 
to room temperature and allowing the suspension to stand for 12 h, a high yield of silver 
particles separated to the bottom of the reaction flask. These were washed twice with 25 
mL portions o f ethanol, then once with 25 mL o f acetone, and allowed to dry in air at the 
ambient temperature. Polydisperse silver nanoparticles with diameters 10 to 500 nm 
were isolated. These silver particles are referred to with the letter B in this text. Only ca. 
3% of the silver(I) was reduced on the first heating.
C. Polyvinylpyrrolidinone-coated silver nanoflakes. Shaped silver nanoparticles 
were synthesized to determine to what extent nanoparticle geometry affected the 
adhesion o f  particles to the ink adhesive. All glassware used for protocol C was cleaned 
rigorously by soaking for at least four hours in aqua regia before rinsing with de-ionized
- 10-
water and drying at or above 55 °C for > 8 h. While various temperatures, volumes, and 
molar ratios were used, the general protocol is illustrated by the following example. In a 
clean one-necked round-bottomed glass flask, 10 mL o f DMAc were heated to 150 °C 
with magnetic stirring by means of a silicon oil bath. In a volumetric flask, Silver nitrate, 
0.144 g (0.85 mmol), was added to 10 mL DMAc (0.085 M solution). In a second flask, 
55,000 M.W. PVP, 0.167 g (1.5 mmol), was added to 10 mL DMAc (0.15 M solution).
Once the stirring DMAc reached 150 °C, 6 mL of silver nitrate solution and 6 mL 
o f PVP solution were added simultaneously, dropwise, via a syringe pump over 6 
minutes (pump set at 1 mL/min). The solution turned light yellow upon addition o f the 
first drop o f the solutions, indicating the formation o f silver nanoparticles. Within 15 
minutes, the solution had passed through an orangey yellow to be an opaque grayish 
brown. The reaction was stopped 1 hour after completion o f addition, and was a grayish 
tan. Often, a bright silver mirror formed on the walls o f the flask above the solution.
The solution was allowed to cool to room temperature, then was centrifuged once 
in ethanol at 2500 rpm for 30 min, and once in acetone, also at 2500 rpm for 30 min. The 
supernatant was discarded each time. The resulting nanoparticles were a mixture o f 
decahedra (formed by multiple twinning), hexagonal nanoflakes, and triangular 
nanoflakes. The nanoflakes were 30-70% and 100-500 nm in breadth. The decahedra 
were 50-200 nm in size. These particles are referred to by the letter C in this text.
D. Polyvinylpyrrolidinone-coated silver nanowires. Also for the purpose of 
exploring geometric considerations, silver nanowires were fabricated using a gold-seeded 
polyol procedure for silver nano wire preparation derived from that o f Chen and Gao,105 
typically as follows. In a clean three-necked round-bottomed glass flask, 30 mL o f EG
- 11 -
were heated to 165 °C with magnetic stirring by means o f a silicon oil bath. In a small 
jar, auric acid, 0.0044 g (11 pmol), was dissolved in 5 mL o f water (0.00225 M solution). 
In a volumetric flask, silver nitrate, 0.423 g (2.5 mmol), was dissolved in 25 mL EG (0.1 
M solution). In a second volumetric flask, 55,000 M.W. PVP, 0.488 g (4.4 mmol), was 
dissolved in 25 mL EG (0.176 M solution).
Once the stirring EG reached 165 °C, 30 drops o f the auric acid solution were 
added via a 1 mL syringe. The solution turned a light rosy pink upon addition, indicating 
the formation o f gold nanoparticles. This color slowly turned to light violet. Fifteen 
minutes after addition o f the gold, 18 mL of silver nitrate solution were added over 7.5 
min dropwise via a syringe pump, from two syringes (pump set at 1.2 mL/min). The 
solution turned yellow on addition of the silver, and was yellow-gray at the end of 
addition. Immediately after completion o f the silver addition, 18 mL o f PVP solution 
were added over 22.5 min dropwise via a syringe pump, from two syringes (pump set at 
0.4 mL/min). The solution slowly became iridescent and opaque, transforming to a 
creamy tan with silvery highlights after ca. 30 min. The flask was removed from heat 
after 1 hour.
The wires were purified by centrifugation at 2500 rpm for 30 min; the supernatant 
was discarded, and the wires centrifuged twice more at 2500 rpm for 30 min in ethanol, 
discarding the supernatant each time. The wires were then allowed to dry at room 
temperature, leaving a light gray powder. Pentagonally twinned silver nanowires with 
diameters o f approximately 100 nm and lengths of 2 to 30 microns were isolated. These 
particles are referred to by the letter D throughout this work.
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E. Dodecylamine-coated silver nanospheres. To explore the effects on sintering 
and adhesion, a nanoparticle synthesis with ca. 10% of the size o f the A- or B-type 
particles was desired. Using the procedure o f Li, Wu, and O ng,102 small silver 
nanoparticles coated with dodecylamine were fabricated, typically as follows. In a clean 
round-bottomed glass flask, 40 mL o f toluene, 0.167 g o f silver acetate (1.0 mmol), and 
1.856 g dodecylamine (10 mmol) were heated with stirring to 60 °C in a silicon oil bath. 
The silver acetate and dodecylamine dissolved within five minutes at 60 °C. 
Phenylhydrazine, 0.111 g (1.0 mmol), was added to 10 mL o f toluene and stirred to 
dissolve. The resulting solution was light yellow.
Once the stirring mixture dissolved at 60 °C, the phenylhydrazine solution was 
added dropwise via a syringe pump over five minutes. The solution quickly turned dark 
reddish. The reaction continued for 1 hour, during which time the solution turned dark 
brown, almost black. The solution was removed from the bath.
To deactivate any remaining unreacted phenylhydrazine and quench the reaction, 
10 mL o f acetone were added to the mixture with stirring. The solution was concentrated 
by rotary evaporation at 50 °C for 1 hour. After this, the black solution was added to 100 
mL stirring 50 % (v/v) methanol in acetone, to precipitate the nanoparticles. This 
suspension was centrifuged at 2500 rpm for 30 min, and the supernatant discarded. The 
black precipitate was rinsed with acetone and centrifuged again, at 2500 rpm for 30 min. 
A fter decanting the supernatant, the precipitate was allowed to dry in air at the ambient 
temperature. This procedure yielded a variety o f particles, generally nearly spherical 
with decent monodispersity at around 50 nm in diameter. These particles are referenced 
with the letter E throughout this work.
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F. Dodecylamine-coated silver nanospheres, modified procedure. Strongly desiring 
even smaller nanoparticles, that is, nanoparticles actually in the 10 nm regime, several 
modifications to the type E procedure were implemented; a typical modified procedure 
follows. (1, 1, 1, 5, 5, 5-hexafluoroacetylacetonato)silver(I) (AgHFA) was prepared 
without isolation by stirring 0.167 g (1.0 mmol) of AgOAc into 2 mL o f toluene in a vial 
to form a slurry, and then adding 0.229 g (1.1 mmol) o f FIFAH. Once the solution was 
clear, with no visible solids, complexation was assumed to be complete, as reported by 
Southward and Thompson using dimethylacetamide as the solvent.
38 mL o f toluene and 1.853 g (10 mmol) o f dodecylamine were massed into a 
clean round-bottomed glass flask. After quantitative addition o f the AgHFA to this flask, 
the flask was heated with stirring to 60 °C in a silicon oil bath. As before, a homogenous 
solution resulted. Phenylhydrazine, 0.038 g (0.33 mmol), was added to 10 mL of toluene.
Once the reaction flask reached 60 °C, the phenylhydrazine solution was added to 
the reaction flask dropwise via a syringe pump over 5 min. The solution in the flask 
turned light yellow, tan, brown, and then dark brown sequentially over ca. two minutes, 
indicative o f silver(I) reduction with the formation o f nanoparticles. The reaction was 
allowed to proceed at 60 °C for 30 min after the completion o f the phenylhydrazine 
addition, at which point the reaction flask was removed from the bath and allowed to cool 
to room temperature.
Once the reaction flask had cooled to room temperature, 10 mL o f acetone was
added to deactivate any remaining phenylhydrazine. The acetone and toluene were then
removed from the flask by rotary evaporation at 50 °C. The remaining dark solution was
added to 100 mL of a stirring 50 % (v/v) solution of methanol in acetone to precipitate
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the silver nanoparticles. The particles were allowed to settle for 2 h. The optically clear 
supernatant was then decanted and discarded. A fresh 50 mL o f acetone were added to 
the beaker containing the particles for a second wash. The particles were again allowed 
to settle for 2 h, and the optically clear supernatant was again decanted and discarded. 
The remaining solid was left to dry in air, yielding a dark powder. This produced 
moderately monodisperse spherical particles in the 10 nm size regime. These particles 
are referenced by the letter F in this text.
Preparation o f  silvered surfaces. Substrates intended for large-area surface metallization 
were prepared in one o f  two methods; the second o f these lends itself to easy extension to 
patterned metallization. Large areas are desirable for increased consistency and accuracy 
of four-point resistivity measurements. Because o f their convenient size and geometry, 
27 mm x 46 mm glass petrographic slides were generally utilized. Each slide was rinsed 
with acetone prior to use, to clean any organic residues from the surface.
The first m ethodology relies on dropping the ink solution onto the substrate and 
letting it dry. Unfortunately, Sanford neither gives nor sells ink samples for any 
purpose.106 Thus, the permanent marking ink was extracted from the pens by cutting off 
the end o f the pen and squeezing the ink out o f the fibrous storage tube. This ink was 
then diluted to 25 % (v/v) o f its original strength with 95 % ethanol, as this concentration 
allows for the formation o f a smooth and uniform film, while higher concentrations lead 
to non-uniform films. The ink solution was applied to the substrate using a pipet. Ca. 0.5 
mL o f ink solution adequately coated one slide.
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In the second methodology a single petrographic slide was coated with Sanford 
Sharpie® permanent marking ink by drawing overlapping lines parallel with the short (27 
mm) dimension o f the slide using the as-received pen. Obviously, this lends itself to 
patterning without significant effort. The maximum resolution o f the Sharpie® lines for 
patterning purposes was ca. 300 microns.
The fully coated or patterned slide was allowed to dry at room temperature for 
varying lengths o f time. The minimum time was ca. 2 minutes, and the maximum time 
ca. 1 month. After the ink had dried, the appropriate nanopowder was dropped onto the 
surface o f the coated slide, and brushed across with an applicator (either a cosmetic puff 
or the finger o f a latex glove). In cases allowing for adhesion, usually 3-5 passes under 
very modest pressure left a well-coated, fully metallized surface with considerable 
electrical conductivity. In cases not allowing for adhesion, no amount of pressure could 
adhere the nanopowder; the only effect o f rubbing was abrading the dry ink from the 
substrate surface.
Substrates which allow for complete selectivity o f metallization (i.e., the silver 
does not adhere at all to these substrates) include glass, polyimides (Kapton, BTDA/4,4'- 
ODA, and Ultem, among others), boron-doped silicon, epoxy circuit board substrates, 
stainless steel, polyethylene terephthalate, and polyethylene.
After the two-step application process, ink followed by nanoparticles, the 
metallized patterns and coatings were modified in one o f two ways. In the first post­
fabrication modification protocol, the pattern or coating was buffed or polished with a 
non-abrasive material such as a silver polishing cloth or a latex glove. In the second
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post-procedure, the substrate and pattern or coating were heated (annealed) in a GS Blue 
M forced-air oven (Series 146 with Pro-350 controller) to sinter the nanoparticles.
Testing o f  polymers. The Sanford permanent marking ink being proprietary, and all of 
the non-colorant components likely being oligmomeric or polym eric,107'109 studies were 
conducted exploring this nanoparticle adhesion phenomenon by attempting to extend it to 
pure polymers. Several polymer films were used as received from commercial sources, 
including Kapton®, Ultem®, PET, PE (in the form o f baggies), and PBA-AA (as strips). 
Several other polymer films were cast from solution with a doctor blade and allowed to 
dry overnight in a film drying box (ca. 5% relative humidity, steadily flowing dry air at 
150 scfh). These included BTDA/4,4'-ODA (DMAc as solvent), PM M A (acetone as 
solvent; the film was crazed due to low M.W.), and 1,300,000 M.W. PVP (ethanol as 
solvent).
Characterization. Two-point resistance measurements were made with a FLUKE 111 
digital multimeter and a TENMA 72-2035 digital multi-meter. Sheet resistivity 
measurements were taken with a Lucas Signatone SYS-301 four-point probe, using two 
Thames and Kosmos digital multimeters and one Cramer-Simpson 921c mA range power 
supply (see Appendix B for setup and operational details). Scanning electron microscopy 
was performed with an Hitachi S-4700 field emission SEM or AM RAY 1810 SEM. 
Transmission electron microscopy was performed with a Zeiss CEM-920 TEM. Thermo- 
gravimetric analysis was performed using a TA Instruments Q500 TGA. Scotch-tape 
tests for adhesion were performed with a transparent adhesive from 3M, as described in 
Appendix A.
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Results and Discussion
Silver nanoparticles.
A. Aldrich nanoparticles. TGA (see Figure I.la , below) indicates that these 
nanoparticles have a ca. 2.5 wt % organic coating. Given the state o f the art in 
synthesizing approximately monodisperse nanoparticles, and given the lack of 
aggregation demonstrated by SEM (see Figure I.2a), this is unsurprising. These particles 
were used as received, and, due to their ready availability and good performance, were 
used most extensively for characterization o f metallized surfaces.
B. Uncoated silver nanospheres and nanoquasispheres. The nanoparticles 
produced in the first heating of AgNCB tended to be much larger and more aggregated 
than those produced in the second heating. As shown in Figure I.2b, the particles from 
the second heating exhibit polydispersity between 10 and 500 nm, with an average size of 
ca. 120 nm with 58% of the particles <100 nm, 15% 101-150 nm, 10% 151-200 nm, 8% 
201-250 nm, and 9% >250 nm. While these particles were used extensively during 
preliminary experimentation, A-type nanoparticles demonstrated similar properties, and 
were often used instead for the sake o f simplicity and consistency when attempting to 
clarify mechanistic questions.
C. PVP-coated silver nanoflakes. These particles have a layer of PVP 
surrounding them. The weight percent o f this layer has not been quantified; however, it 
is sufficient to prevent aggregation during centrifugation. As shown in Figure 1.2c, these 
particles contain a range o f shapes, notably decahedra, triangles, and hexagons. When 
suspended in ethanol or acetone these particles show interesting and potentially useful 
self-assembly. A reflective (ca. 60 %) surface is formed, which can be made conductive
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by annealing at modest temperatures. These particles were not used beyond initial testing 
to determine whether they could be applied to the adhesive ink.
D. PVP-coatedsilver nanowires. These particles also have an indeterminate 
amount o f PVP coating them. It is again sufficient to prevent aggregation during 
centrifugation. Figure 1.2d shows the purified wires. These particles could not be 
applied to the adhesive ink, and so were abandoned.
E. Dodecylamine-coated silver nanospheres. These particles have a 
dodecylamine coating on them, perhaps not sufficient to prevent aggregation during 
centrifugation. Wu, Li, and Ong report a 22 wt % oleylamine coating in a later paper.100 
The E-type particles were difficult to synthesize reliably, and the average particle size 
only rarely reached the reported 10 nm. Some indication that this is not a localized result 
comes from the same authors, in a later paper: “ ...the preparation o f such silver 
nanoparticles for low-temperature coalescence to conductive elements remains relatively
103challenging synthetically. The low yields or poor stability of silver nanoparticles....”
A sample batch is shown in Figure I.2e, and a representative average diameter is ca. 50 
nm. These particles could be successfully applied to the adhesive ink. In light o f the 
trouble with synthetic consistency, coupled with the higher-than-ideal average particle 
size, these particles were not characterized to any significant extent. The F-type 
nanoparticles were used instead.
F. Dodecylamine-coated silver nanospheres, m odified procedure. Because of the 
difficulty o f synthesizing the E-type particles, several changes to the preparation were 
implemented. First, AgHFA was substituted for AgOAc. The silver /Ldiketonate 
complex possesses m uch greater solubility than the acetate compound. Second, the
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phenylhydrazine volume was reduced by a factor o f three, to slow the reduction rate. 
Third, the reaction time was halved, to prevent aggregation and fusion o f small 
nanoparticles propelled by thermal energy. Fourth, centrifugation was eliminated from 
the purification steps, on the presumption that the high speed could easily exfoliate the 
weakly bound alkyl amine. The result o f the sum of these modifications was 
nanoparticles, as shown in Figure I.2f, with a typical size distribution o f 22% <5 nm,
72% 6-10 nm, 6% 11-20 nm, and 1% >21 nm.
TGA (Figure I.lb ) shows a dodecylamine monolayer o f  ca. 1.5 wt %. While Ong 
and coworkers indicate a much higher weight percent coating as described above, this 1.5 
wt % value seems more reasonable, given the calculations o f Murray and coworkers for 
dodecanethiol-coated gold nanoparticles.110 For a 4.8-nm gold cluster, the predicted and 
experimental surface coverage are 42% and 24%, respectively, equating to TGA weight 
percentages o f 10.3% and 5.9%. Since the general trend reported is significantly towards 
lower coverage and lower weight percentage with increasing particle size (the former 
presumably due to lower surface energy, and the latter due to decreasing surface area to 
volume ratio), we would expect average weight percents somewhat lower than the ca. 6 
wt % reported for ca. 5 nm particles, due to the slight polydispersity o f these particles. 
Furthermore, the affinity o f silver for nitrogen donor atoms is considerably less than the 
affinity for sulfur o f silver or gold;111 combined with the lower formula weight of alkyl 
amines compared with alkyl thiols, the ca. 1.5% coating reported herein seems rather 
reasonable.
Due to the ideal size (ca. 10 % o f A- or B-type particles), synthetic consistency, 
and low weight percent coating, these particles were selected for extensive 
characterization and comparison with the A- and B-type particles.
Preparation o f  silvered surfaces. Preliminary testing indicated the feasibility o f the 
approach o f this paper, on substrates o f both glass and polyimide. The adhesion o f the 
ink to the polyimide substrate not being at question, and given the convenience o f 
identically sized glass slides, most samples were prepared on glass substrates.
When patterning directly with a Sanford Sharpie® marking pen, mass versus time 
studies showed that nearly all solvent that would evolve from the Sanford inked pattern 
had done so within two minutes at room temperature. This is consistent with Staedtler’s 
claim that ink traces from Lumocolor® markers dry in 3-6 seconds, as Staedtler limits
119their solvents to propanol (b.p. 97 °C), and Sanford always uses 1-propanol, 1-butanol 
(b.p. 116-118 °C), and 2,4-hydroxy-4-methyl-2-pentanone (diacetone alcohol, b.p. 166
119°C), and sometimes adds ethanol (b.p. 78 °C). (In a 2006 patent for black inks with 
increased cap-off time, Staedtler discloses the addition o f 1 -butanol to the marker 
composition in concentrations between 7 and 15 wt %; to avoid this complication, only 
colored Lumocolor markers were used, for which the 1998 patent likely still obtains).114 
The Sanford pattern is tack-free within a minute, and completely dry within two. At least 
five minutes were generally allowed; after the ink was dry no difference in adhesion was 
observed as a function o f standing time, even up to 1 month. When coating a slide with 
diluted ink, longer drying times were necessary, due to the significantly enhanced volume 
of solvent. Approximately 1 hour suffices. This method was originally considered
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superior, as it provided a uniform surface of adhesive ink; however, later studies showed 
no difference between silver layers applied to this form o f ink surface and those applied 
to an overlapping Sharpie® line surface.
Once dry, the silver nanopowder was applied by sprinkling it onto the substrate 
and gently wiping it across the surface with either the cosmetic puff or piece of latex 
glove. Bearing down in this direct contact application was unnecessary; particle adhesion 
to the inked surface occurs with minimal pressure. Excess silver nanopowder could be 
collected to minimize waste. The amount of silver applied to a given sample could be 
varied. The application could stop after a pass or two, leaving the surface only partially 
metallized and not continuously conductive, or several additional passes with silver could 
be made, resulting in a surface layer that was fully conductive.
Particle size did affect the attachment o f the nanoparticles to the ink pattern.
Under the synthetic conditions described in the Experimental section, the uncoated B- 
type particles adhered well to the dry ink pattern. However, when the completed reaction 
mixture was centrifuged instead of allowed to settle, the nanoparticles aggregated, and 
the resultant aggregate could not be adhered. Additionally, D-type silver nanowires 
could not be adhered to the inked substrate. Furthermore, silver foil could not be adhered 
to the dry permanent marking ink. Collectively, these data imply that significant surface 
area is required to attach a given volume of silver.
In light o f this, it is especially interesting to note that o f the remaining particle 
types, no attachment differences were found based on coating type. That is, it was 
equally easy to apply A, B, C, E, or F type particles to the dry ink substrate. Since the 
coated particles almost certainly were coated with monolayers or thin films, it must be
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the case that the very slight mechanical pressure exerted in application sufficed to expose 
bare metal to the adhesive ink. This same pressure, however, was insufficient to deform 
or fuse the silver nanoparticles, as shown in Figure 1.3.
Post-fabrication Modification. Two forms o f post-fabrication modification were 
employed. In the first, buffing or polishing served to mechanically fuse silver 
nanoparticles, as shown in Figure 1.4. The resultant trends in conductivity and adhesion 
are discussed below. In the second post-procedure, samples were placed in the forced-air 
oven, heated to a chosen temperature, then removed from the oven and characterized. 
After characterization, slides were often returned to the oven, for further thermal 
treatment. As shown in Figures 1.5 and 1.6, both nanoparticle types A and F undergo 
sintering during therm al treatment. Clear from Figure 1.5 is that the sintering begins 
between 150 °C and 200 °C for type A, and continues through 300 °C. Equally clear 
from Figure 1.6 is that sintering begins below 100 °C for type F, and continues through 
300 °C. The resultant trends are discussed below.
The data for both modification protocols are tabulated in Tables 1.2 and 1.3, 
below. Tables 1.2 provides directly comparable data for nanoparticle types A, B, and F. 
Table 1.3 tabulates data collected below 150 °C for type F but not types A and B, 
elucidating some details o f the low-temperature sintering germane only to the very small 
type F nanoparticles.
Conductivity. As shown in Tables 1.2 and 1.3, the resistivity o f all samples is 50 ohms or 
less after initial application. The A-type particles show higher initial resistivities than the
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B-type particles, which in turn show higher initial resistivities than the F-type particles. 
The latter phenomenon is mostly likely due to the decreased particle size. This allows for 
a greater number o f contacts per unit area; while this introduces more grain boundaries, 
the greater number o f  contacts overwhelms the greater boundary effect in this case. One 
might describe this in terms o f packing density— the smaller F-type silver nanoparticles 
pack on the surface of the ink better than the larger B or A ones. This makes intuitive 
sense by analogy to packing marbles versus tennis balls. The voids between spheres will 
be smaller in the marble set. Following this line of reasoning, perhaps the lower average 
initial resistivity o f the B-type particles is due to over half o f those particles being smaller 
than the A-type particles. That is, for two samples with similar average particle sizes, it 
does make sense that the rather polydisperse version would pack better than the nearly 
monodisperse one. Again an analogy is useful. Packing a mix o f marbles, tennis balls, 
and golf balls could provide smaller average voids than simply packing golf balls.
Sheet resistivity was measured as a function of polishing for nanoparticles of 
types A, B, and F. As seen in Table 1.2, buffing or polishing types A and B decreased the 
sheet resistivity. For the F-type particles, however, the surface resistivity increased 
slightly on polishing. Presumably, both o f these effects are due to densification of the 
silver layer. The sheet resistivity, ps, relates to the bulk resistivity, pb, as a product of the 
thickness, t:
Pb = Ps - t  (1-1)
In the former case, the densification resulted in a decrease in thickness and a decrease in 
the bulk resistivity, lowering the sheet resistivity through fusing the nanoparticles into 
better packing. In the latter case, however, it seems as though the bulk resistivity did not
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change dramatically on polishing, though the thickness changed slightly. Per equation 
1.1, this would result in a slightly increased sheet resistivity.
The sheet resistivity was also examined as a function o f sintering temperature for 
slides prepared with the commercial protected particles, type A, and the unprotected 
particles, type B, as described above. Table 1.2 displays the results o f selected 
temperature dependence runs. As can be seen clearly in Table 1.2, the general trend is 
towards increased conductivity with increased sintering temperature. Enhancement of 
electrical conductivity through sintering appears to begin around 150 °C. SEM, Figure 
1.5, makes clear that the decreases in resistivity result from necking and fusing o f the 
nanoparticles (i.e., sintering) to form larger nanoparticles and then a continuous network 
o f silver metal.
Similar studies o f the sheet resistivity versus sintering temperature were 
performed for the very small type F particles. Tables 1.2 and 1.3 display the results of 
thermal treatment up to 300 °C and 150 °C, respectively. As shown in these two tables, 
the general trend is towards significantly enhanced conductivity with increased sintering 
temperatures. Increased conductivity appears by 75 °C at the latest, and all samples 
converge on 0.03 ohms/square (the approximate limit o f detection o f our instrument) by 
125 °C. Exploration o f this phenomenon by SEM indicates that this is due to rapid 
sintering o f the initial nanoparticles into larger particles, and ultimately, a continuous 
network o f silver, as in Figure 1.6. It is important to note that the sintering begins at 
much lower temperatures, and proceeds more quickly, than for the larger A and B type 
particles. Additionally, I have seen no literature reporting sintering at such low 
temperatures. By SEM, sintering still occurs after the convergence at 125 °C, but it does
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not enhance the electrical conductivity; one might expect an increase in the maximum 
current density, though this was not probed. The lowered sintering temperature and 
lower minimum resistivity, and the absolute consistency thereof, demonstrate the 
superiority o f beginning with smaller silver nanoparticles.
Since the bulk resistivity depends on thickness, as per equation 1.1, attempts to 
determine this were made. The thickness o f an A-type layer on Sanford ink on 
BTDA/4,4'-ODA was measured by TEM. Since the normal embedding technique utilizes 
a resin dissolved in strong organic solvents, this could not be used. Instead, a sliver of 
the sample was superglued to the top surface o f a dry resin block. This block was then 
sectioned as usual, the sections collected on a copper grid, and viewed on the TEM. As 
shown in Figure 1.7, the thickness of the layer ranges between 0.4 and 0.6 microns. The 
thickness o f  an F-type layer on Sanford ink on a boron-doped silicon wafer was measured 
by SEM. The wafer was shattered and a piece placed with the silver layer parallel to the 
incident beam (to view  the cross-section). As shown in Figure 1.8, the thickness o f this 
silver layer ranges between 0.8 and 1.8 microns.
Taking average values o f 0.5 micron for A-type particles and 1.3 microns for F- 
type particles, the bulk resistivities are calculated. Since each layer viewed was 
untreated, this represents an upper bound on the thickness o f the film, and hence on the 
resistivity. Upper-bound resistivities are tabulated in Table 1.4, based on the average 
thicknesses described and the data from Table 1.2. As shown, the A-type particles 
decrease in resistivity to near that of bulk silver (1.6 x 10'8 Q • cm),40 ending within 2 
orders o f magnitude at 300 °C. Even more interestingly, the F-type particles consistently 
decrease in resistivity to be within a factor o f 3 o f bulk silver (finer distinctions being
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limited by the experimental setup, as these measurements are at the limits of detection) 
by 125 °C.
It is interesting to note that the thickness o f the metal layer is 10 or more times 
that o f the binding layer. The result is that this process lays down traces or surfaces 
>90% (v/v) silver, a very desirable fraction. In addition to the utility for ink-jet printing 
described in the Introduction, this process provides a simple circuit repair or modification 
technique with very high percent silver.
Adhesion . The adhesion o f the silver layer to the permanent marking ink was examined 
using the Scotch® Tape Test, as described in Appendix A. The adhesion of all 
nanoparticles (types A, B, C, E, and F) without any modification was poor to fair; zero 
adhesion was demonstrated by type D. Table 1.5 displays adhesion data for samples of 
types A, B, and F, modified after initial application by polishing or by heating. As can be 
seen, samples heated to 300 °C generally demonstrated higher adhesion than samples 
which were polished. Type A particles generally adhered better than type B, and type F 
adhered better yet. Perhaps the component of type B o f larger size inhibits adhesion, as 
the smaller particles o f type F clearly promote considerably enhanced adhesion.
If one assigns values between 0 (zero) and 4 (excellent) to the adhesion ratings 
tabulated, the average adhesion may be compared more readily. The average adhesion 
for type A particles is 1.0 for polished samples and 2.5 for heated samples. The average 
adhesion for type B particles is 2.0 for polished samples and 1.7 for heated samples. The 
average adhesion for type F particles is 2.0 for polished samples and 3.2 for heated 
samples. Thus, smaller particles do seem to provide substantially improved adhesion.
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Ink composition. While Sanford’s permanent marking ink remains proprietary, there are 
several windows into the composition o f this ink. First, the general compositions of 
drawing inks are common knowledge, generally mixtures including dyes or pigments, 
binding agents, surfactants, dispersants, viscosity modifiers, and rheology modifiers. All 
save the dyes or pigments can be and often are synthetic polymeric species.107' 109 
Polymers often in inks at significant concentrations for the purpose o f providing a 
substrate for the dyes or pigments include polyacrylates, polyvinylacetates, 
polyurethanes, polyethylenimines, and polyesters. Second, the M SDS for the permanent 
marking inks provide the solvents for the pens— 1-propanol, 1-butanol, and 2,4-hydroxy- 
4-methyl-2-pentanone— which limits the compositions available.113 Third, a handful of 
patents disclose compositions o f permanent marking inks.112,114’120 M ost o f these present 
aqueous com positions;115’120 while not directly applicable, as these markers either never 
made it to market or have been removed therefrom, they do provide interesting 
information, as the ink compositions are notably uncomplex. Especially interesting is the 
notation in the Sanford MSDS indicating that their ink composition is water-soluble. The 
aqueous ink compositions disclosed generally contain water, a colorant, a surfactant, and 
a film-forming polymer. The last o f these is always from the acrylate family, and is 
usually either poly(methyl methacrylate) or a commercially available blend o f PMMA 
and poly(butyl acrylate). One British patent o f a non-aqueous ink112 is o f considerable 
interest, as it describes the Staedtler Lumocolor® Dry Safe ink composition. This ink 
contains 1-propanol, dye, paraffin wax (to form a skin on the marker tip, preventing 
solvent evaporation when the marker is left uncapped), toluic acid (as a dispersant for the
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wax), and a binding agent. The binding agent is either an adduct o f fumaric acid and 
colophony (rosin, from pine oil, tall oil, or pine resin) or a phenol formaldehyde resin 
(like Bakelite®). These binders presumably function as the substrate for the dyes, 
adhering them to the marked surface; they are common strong commercial binding 
agents. This patent is o f considerable interest because silver nanoparticles (only type A 
were tested) adhere well to the dry ink residue of Staedtler Lumocolor® permanent 
markers with Dry Safe technology.
Perhaps o f greatest interest in Staedtler’s British patent, however, is the 
description o f the state o f the art for alcohol-based permanent markers. Staedtler 
indicates that the industry standard is pigment or dye markers using either nitrocellulose 
or poly(vinyl butyral) (formed from poly(vinyl alcohol) and butyraldehyde). These 
strongly adhesive film-forming polymers, they claim, decrease the uncapped life o f the 
marker, by clogging the tip as the solvent dries off. Staedtler switches to the commercial 
adhesives described above because said adhesives don’t perform in this fashion. The 
important note here is that Sanford’s Sharpie® is an alcohol-based permanent marker, 
implying that it uses one o f these polymers, or something similar. This is corroborated 
by laboratory tests, which indicated that the Sharpie® marker does indeed dry out as 
predicted by the Lumocolor® patent. The composition is further muddled, however, by
113the claim in the Sanford MSDS that the ink composition is water-soluble. Water 
dissolves neither nitrocellulose nor poly(vinyl butyral).
The selective adhesion o f  silver nanoparticles to inked patterns. The unfortunate result of 
these explorations into the composition o f the ink, however, is that in the best case
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scenario, no detailed explanation of the mechanism o f adhesion can be completed without 
significant cooperation from the Sanford or Staedtler corporations. In the worst case, 
even these might not be sufficient. While the Staedtler patent provides some insight into 
the com position o f the Sanford marker, the presumed composition remains speculation, at 
best. Confirmation or correction is necessary from Sanford, which they have indicated 
on two separate occasions they are unwilling to provide. Additionally, while the 
Staedtler Lumnocolor® ink composition is disclosed for protection of intellectual property 
rights in Germany, Great Britain, France, Italy, and Japan, the binding agents described 
are commercial in nature, rather than pure chemical substances. That is, they are derived 
from natural sources (colophony), or are not well characterized in their formation 
mechanism (phenol formaldehyde resins are characterized primarily in terms o f synthetic 
steps and macroscopic results, rather than in terms o f chemical structure). Thus, in spite 
o f Staedtler’s implicit cooperation, the exact composition o f the binding agents used 
remains somewhat obfuscated.
A  basic mechanistic suggestion may be made, however. All o f the polymeric 
binding agents detailed have some heteroatomic nature. Fleteroatoms imply lone pairs 
and polarity, which can easily interact with the “soft” (highly polarizable) silver metal 
atoms on the surface o f the nanoparticles. Thus, a large component o f the mechanism is 
likely a weak complexation o f polymeric ligands to silver metal, much in the same way 
that the dodecylamine or PVP weakly bind to the surface o f the same silver nanoparticles, 
preventing aggregation during synthesis.
Postulating the above, and recalling the distinct lack o f adhesion o f silver to 
polyimides despite the significant heteroatomic fraction present, a further suggestion is
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required. Intuitively, we might suppose that the high chemical rigidity which provides
polyimides with their high-performance properties might contribute to the lack of
adhesion, by preventing chelation. There are four fashions in which a polym er may be
“softened”— that is, movements of either backbone segments or side chains allowed.
First, the polymer may be dissolved or solvent-softened. Second, plasticizers may be
added to the polymer, preventing good packing or chain entanglem ent.121 Third, the
polymer may be above the beta thermal transition temperature, allowing side-chain and
short-range (ca. 5 atoms) mobility. This serves primarily for those polymers with side
122chains, such as the vinyl acrylate polymers. Fourth, the polymer may be above the 
alpha thermal transition temperature, that is, the glass transition temperature, allowing
121 123long-range mobility o f polymer chains ’
The studies described in the “Polymer testing” subsection o f the Experimental 
section seem to corroborate the idea that the substrate must be softened in some fashion. 
M ost o f the polymers did not allow for the adhesion o f silver nanoparticles. Indeed, only 
three afforded any adhesion: PVP (Tg = 140 °C; Tp = 50 ° c )124,125 allowed a very small 
volume o f silver to be adhered under high mechanical pressure; PMMA (Tg = 108 °C; Tp
199 199= 17 °C) ’ allowed a modest amount o f silver to be applied under normal pressure,
but the film was crazed due to low molecular weight and disintegrated under any 
enhanced pressure; and poly (butyl acrylate-co-acrylic acid) (PBA-AA, Tg estimated at 8 
°C based on PBA at -59 °C and PAA at 75 °q I22>123 allowed a great deal o f silver to 
adhere with “fair” adhesion by the Scotch® Tape Test (a comparable result to the 
permanent marking inks). Recall, o f course, that the glass transition temperature (and 
presumably the beta transition temperature) is generally lower at the surface o f a film,
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126perhaps explaining the slight adhesion o f PVP. Rather interestingly, when PBA-AA 
was immersed in liquid nitrogen for ca. 1 min and removed in a film drying box (to 
prevent condensation on the surface o f the film), A-type nanoparticulate silver could not 
be adhered to its surface. Any silver brushed on could be immediately brushed off (prior 
to the warming o f the substrate, at which time attempts to dislodge the silver adhered it 
strongly nearby on the surface o f the film). That the film was below its glass transition 
temperature was assured by breaking off a piece o f the brittle film. Based on these data, 
it seems reasonable to conclude that without softening o f the substrate, the silver cannot 
adhere, presumably due to lowered surface area o f interaction.
Based on this argumentation and experimentation, it is proposed that two 
components are necessary, and together sufficient, for the adhesion o f silver 
nanoparticles to a polymeric substrate. The first condition is polar or heteroatomic 
nature; note that polyethylene, despite being well above its glass transition at room 
temperature, does not bind silver. Some attractive interaction seems necessary. The 
second condition is softness o f the substrate. Recall that polyimides, despite significant 
heteroatomic fractions, do not bind silver. Softening can be achieved through any of the 
four techniques listed above. These two constraints provide a working framework for the 
extension o f this work to other systems, despite not being a rigorous mechanistic 
explanation.
Conclusions
In this work, a novel process useful for the fabrication o f silver patterns and 
surfaces is described. An ink layer is printed onto the desired substrate in any pattern.
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After it dries, nanoparticulate silver is applied with complete selectivity, resulting in 
surface resistivity lower than ca. 50 ohms per square. Polishing, or better yet, thermal 
treatment, allows for significant enhancement o f electrical conductivity. Thermal 
treatment also affords enhancement o f the adhesion o f silver to the binding layer. By 
decreasing the average particle size from ca. 100 nm to ca. 10 nm, the required sintering 
temperature was decreased to 125 °C. The bulk resistivity in these systems falls within a 
factor o f 3 o f bulk polycrystalline silver. It is possible that longer times (e.g., a few 
minutes) at temperatures as low as 75 °C may provide the same effect as the rapid heating 
to 125 °C utilized. Explorations into a mechanism are detailed.
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Tables
Table 1.1
E lapsed Tim e 
(min) M ass (g)
glass slide 3.6187
0 3.6209
1 3.6198
2 3.6197
3 3.6197
4 3.6196
5 3.6197
12 3.6196
20 3.6196
30 3.6196
69 3.6198
180 3.6197
240 3.6197
1080 3.6196
Mass versus time studies for Sanford Sharpie®. Approximately half o f a 27 mm x 46 mm 
glass petrographic slide was coated with red Sharpie® over ca. 20 s. After 180 min in 
atmosphere, the slide was placed in a film drying box, ca. 5 % relative humidity, flowing 
ca. 150 scfh dry air. As can be seen, nearly all solvent evaporates within the first minute.
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Table 1.2
As applied Polished Heated
Sample 295 K 295 K 373 K 423 K 473 K 523 K 573 K
22 °C 22 °C 100 ° c 150 °C 200 °C 250 °C 300 °C
A -l 38 1 - - - - -
A-2 19 - 34 10 3 3 2
A-3 24 - 20 7 1 1 0.3
A-4 4 - 4 0.6 0.1 0.06 0.06
B -l 7 0.8 - - - - -
B-2 6 - 4 2 1 1 0.2
B-3 3 - 2 1.5 0.6 1 0.03
B-4 7 - 7 3 1 1 0.06
F-l 0.14 0.17 - - - - -
F-2 0.07 0.10 - - - - -
F-3 0.06 - 0.03 0.03 0.03 0.03 0.03
F-4 0.09 - 0.03 0.03 0.03 0.03 0.03
F-5 0.03 - 0.03 0.03 0.03 0.03 0.03
F-6 0.25 - 0.06 0.03 0.03 0.03 0.03
F-7 0.40 - 0.06 0.03 0.03 0.03 0.03
F-8 0.62 - 0.09 0.03 0.03 0.03 0.03
Sheet resistivity as a function o f post-fabrication modification. Samples A, B, and F are 
shown, for samples polished and for samples heated. Samples were heated to the 
temperature shown, removed from the oven and characterized, and returned to the oven 
for continued thermal treatment.
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Table 1.3
As applied Heated
Sample 295 K 323 K 348 K 373 K 398 K 423 K
22 °C 50 °C 75 °C 100 °c 125 °C 150 °C
F-3 0.06 - - 0.03 - 0.03
F-4 0.09 - - 0.03 - 0.03
F-5 0.03 - - 0.03 - 0.03
F-6 0.25 - - 0.06 - 0.03
F-7 0.40 - - 0.06 - 0.03
F-8 0.62 - - 0.09 - 0.03
F-9 0.03 0.03 0.03 0.03 0.03 0.03
F-10 0.03 0.03 0.03 0.03 0.03 0.03
F -l 1 9.36 11.74 1.01 0.31 0.03 0.03
Sheet resistivity as a function o f thermal treatment for F-type samples only. Sintering 
begins at low temperatures, perhaps as low as 50 °C. With respect to resistivity, sintering 
is complete by 125 °C. The increase in sheet resistivity for sample F -l 1 at 50 °C is likely 
due to some densification o f the silver layer.
Table 1.4
(located on the next page)
Bulk resistivity as a function o f post-fabrication modification for A-, B-, and F-type 
silver nanoparticles. Bulk resistivity is calculated per Equation 1.1 as the product of sheet 
resistivity, from Tables 1.2 and 1.3, and the thickness o f the silver layer, as estimated by 
electron microscopy. Silver layer thickness for type A particles is estimated at 0.5 
microns by TEM (see Figure xx). Silver layer thickness for type B particles is assumed 
to be similar to type A particles, as no microscopy was done on these samples. This 
assumption is clearly invalid for at least B-3, as the estimated bulk resistivity is lower 
than that o f pure silver. Silver layer thickness for type F particles is estimated at 1.3 
microns, based on the average o f cross-sectional SEM (see Figure yy). These estimates 
should be considered approximate, as the silver surfaces are not perfectly uniform.
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Table 1.5
Sample Post-fabrication
Modification
Longitudinal
Adhesion
Transverse
Adhesion
A-l polished poor poor
A-2 heated fair good
A-3 heated fair good
A-4 heated fair good
B-l polished fair fair
B-2 heated fair fair
B-3 heated fair fair
B-4 heated poor poor
F-l polished good fair
F-2 polished poor fair
F-3 heated excellent excellent
F-4 heated good excellent
F-5 heated poor excellent
F-6 heated excellent excellent
F-7 heated excellent excellent
F-8 heated poor poor
Adhesion by the Scotch® Tape Test (see Appendix A) as a function o f post-fabrication 
modification for samples o f types A, B, and F. Adhesion may be rated from “Zero” to 
“Excellent”. “Zero” adhesion is demonstrated when all o f the metal comes off with the 
tape. “Poor” adhesion is demonstrated when a large amount o f the metal comes off with 
the tape, interrupting the conductivity o f the surface. “Fair” adhesion is demonstrated 
when a moderate amount o f metal comes off with the tape, visually disturbing the surface, 
but not interrupting conductivity. “Good” adhesion is demonstrated when only a 
superficial amount o f metal comes off with the tape. “Excellent” adhesion is 
demonstrated when no metal comes off.
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Figures
Figure 1.1
a. Thermogravimetric analysis o f as-received silver nanoparticles, labeled type A. TGA 
shows ca. 2.5 w t % organic coating.
100
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b. TGA o f purified silver nanoparticles labeled type F. TGA shows ca. 1.5 w t % 
dodecylamine coating.
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I.OOumS470015.0kV 14.2mm xSO.Ok SE(U)
Figure 1.2
a. Type A particles, as received from Sigma-Aldrich
b. Type B nanoparticles
1 .OOumS4700 IS.OkV 13.7mm xSO.Ok SE(U)
; . v - <0
jpg
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c. Type C nano flakes
S4700 1 S.OkV 13.1mm xSO.Ok SE(U) 1 .OOum
d. Type D nanowires (Image from AMRAY 1810 SEM)
4 . 0 0 0 X  2 0 . 0  k V  ±Bpm Q mm C L s 5 - 0
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e. Type E small nanoparticles
500nmS4700 15.0kV 15.2mm x100k SE(U)
f. Type F very small nanoparticles
300nmS470015.0kV 14.2mm x150k SE(U)
as®
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Figure 1.3
a. Applied type A particles
S4700 15.0kV 14.1mm x100k SE(U) 500nm
b. Applied type B particles. In this case, we can see some slight fusion or mechanical 
distortion o f the silver particles, perhaps due to their lack o f organic coating.
c. Applied type C particles
m m
d. Applied type F particles
S470015.0kV 13.9mm x200k SE(U) 200nm
f
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Figure 1.4
a. Mechanical fusion of A-type particles by polishing
500nmS4700 15.0kV 14.0mm x100k SE(U)
b. Mechanical fusion o f F-type particles by polishing
^  1  ^ i
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; i : LLllilS4700 15.0kV 13.9mm x250k SE(U)
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Figure 1.5
22 °C 100 °c
S470015.0kV 14.1mm x250k SE(U) 200nm g n s s n f f l
150 °C
250 °C
200 °C
300 °C
S4700 15.0kV 13.9mm x250k SE(U) 200nm
S470Q1 S.OkV 14.0mm x250k SE(U) 200nm 2Q0nmS4700 15 OkV 14.0mm x2S0k SE(U)
..
111 100 nm
Images at high magnification (250,000x) o f the type A nanoparticles applied to 
permanent ink, after heating to various temperatures. The average particle size clearly 
increases with heating. Sintering is clearly visible as low as 200 °C. The scale bar (100 
nm) applies to all images.
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Figure 1.6
2 2 °C 100°C
150 °C 200 °C
250 °C 300 °C
.
Scanning electron microscope images at high magnification (100,000x) o f the F-type 
silvered surfaces after various thermal treatments. Significant sintering clearly occurs 
below 100 °C, and the process continues through 300 °C. The scale bar (100 nm) applies 
to all images.
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Figure 1.7
1 micron
Transmission electron micrograph o f A-type particles attached to Sanford ink on 
Kapton®. The silver layer appears to be ca. 500 nm thick. The resolution is poor enough 
that it is difficult to distinguish a permanent ink layer.
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Figure 1.8
Boron-doped 
Silicon w^fer 
(SEM sample slide;
A pprox im ate
•i esilver surface 
.cross-section
height
mm
M edium depth o f 
field; just beyond 
cross-section
Far depth o f field; 
several microns
away from cross-
-
section x
1 pm
Cross-sectional scanning electron microscope image at 25,000x magnification. Scale bar 
represents 1 micron. The image was obtained by silvering a Sanford ink line on a boron- 
doped silicon wafer, then shattering the wafer. The Sanford ink layer is very thin, on the 
order o f 100 nm. This micrograph can be difficult to interpret, because one expects from 
TEMs to see only the cross-section, due to having sliced a thin layer o ff o f the sample. 
Here, however, the bulk o f the sample remains behind the cross-section, and any 
deviation from a perfectly perpendicular incident electron beam results in the observation 
o f said bulk (this can be understood by analogy if  one attempts to look perfectly edge-on 
to a piece o f paper; it is nearly impossible not to see one surface or the other o f the 
paper).
As such, I have labeled the micrograph extensively, and drawn a line representing 
the approximate edge of the area of the cross-section. The area o f the dip towards the 
minimum height o f 0.8 microns may have been caused by the original metallization, but 
also may stem from the shattering o f the wafer. One might expect to see some 
degradation o f the layer to fragmentation or fracturing along a fault. In any case, both the 
hump to 1.8 microns and the dip to 0.8 microns look like deviations along an 
approximate average o f 1.3 microns.
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Part II: Chemical metallization of latent silver surfaces.
Introduction
In spite o f the novelty and utility of the ternary systems described in Part I, binary 
silver-polyimide composites still retain significant interest. Specifically, for applications 
requiring thermal and oxidative stability at high temperatures or chemical resistance, a 
binding layer may be unsuitable (it is important to note that the patterns in Part I retain 
their integrity as high as 300 °C. They have not been tested higher.). For this purpose, it 
is useful to recall the work o f Akamatsu et al. and Abadie et al., in which a poly(amide- 
carboxylic acid) (i.e., poly(amic acid) layer is formed on the surface o f a polyimide by 
strong base-catalyzed hydrolysis.13,14,17,19"21,127 The potassium carboxylates are then ion- 
exchanged to silver carboxylates, which are reduced with an aqueous reducing agent 
solution, or with water sitting on the surface o f the film and light reducing the silver.
This approach is reinforced by independent observations indicating 
(hexafluoroacetylacetonato)silver(I) (see Figure II.la) dissolved in apoly(am ic acid) film 
o f 6FDA/4-BDAF (LaRC CPI, Figure II.Id) could be reduced to a metallic silver surface 
with aqueous hydrazine hydrate. In light of these independent observations, and
99 97M azur’s interlayer formation procedure, ' wherein silver ions were flowed from one 
side o f a polyimide film into the bulk and reducing agent ions flowed from the other, 
might it not be possible to form silver surfaces from silver ion or complex-doped films of 
soluble polyimides?
Numerous tests with soluble polyimides indicate not. Ultem (Figure II. lc), 
virtually unique as a soluble traditional polyimide, does not solvate any silver salts, or
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almost any silver complexes. The few that it does solvate, e.g.,
(dibenzoylmethanato)silver(I) (Figure IF lb), bind silver so tightly and are so bulky they 
have very little mobility in the polymer. Fluorinated polyimides, such as 6FDA/4-BDAF 
and 6FDA/APB (LaRC CP2, Figure II. le), dissolve silver complexes and most silver 
salts nicely, but do not afford silvered surfaces when treated with aqueous reducing 
agents. These films blacken, as if a diffuse interlayer o f silver nanoparticles is formed, 
presumably due to low ion mobility in the bulk of the film.
Because the properties o f a poly(amic acid) are not suitable for end use, it is 
highly desirable to metallize a fully imidized polymer. However, as described above, no 
soluble polyimides are suitable for this purpose. On these grounds, a new polyimide was 
synthesized, a copolymer o f the fluorinated dianyhydride 6FDA and the two diamines 
oxydianiline (diaminodiphenylether, ODA) and 3,5-diaminobenzoic acid (DABA) 
(structure, Figure II. If; synthetic preparation, Figure II.2). The purpose o f this was to 
incorporate a carboxylic acid group into the polymer backbone, to increase hydrophilicity 
and promote silver ion mobility without compromising the end-use properties o f the 
polyimide.
Herein is described the results o f studies on this new polymer, its doping with 
silver(I), and the subsequent reduction o f said silver(I) to a continuous, well-adhered, 
conductive and reflective silver surface using aqueous reducing agents. Characterization 
o f reflectivity and resistivity are included, as well as scanning and transmission electron 
microscopy.
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Experimental
Materials. The following chemicals were purchased from Sigma-Aldrich (Milwaukee, 
WI) and were used w ithout further purification: trifluoromethane sulfonic acid (98%), 
hydrazine monohydrate (98%), hydroxylamine (50% aqueous solution), methylhydrazine 
(98%), silver®  oxide (99%), 3,5-diaminobenzoic acid (DABA, 98%), poly(ethylene-co- 
acrylic acid) (PEAA, 20 wt % acid), dimethylacetamide (DMAc 99.8%, anhydrous), and 
pyridine (>99%). Acetic anhydride (ACS certified) was obtained from Fisher Scientific 
(Pittsburgh, PA). 2,2-Bis(3,4-dicarboxyphenyl)hexafluoropropane dianhydride (6FDA) 
was obtained from Hoechst Celanese (Frankfurt, Germany) and vacuum dried for 5 h at 
160 °C prior to use. 3,3',4,4'-benzophenone tetracarboxylic acid dianhydride (BTDA), 
2,2-Bis[4-(4-aminophenoxy)phenyl]hexafluoropropane (4-BDAF) and oxydianiline (4,4- 
ODA) were obtained from W akayama Seika Kogyo Co., Ltd via Chriskev Co., Inc. 
(Leawood, KS) and used without further treatment.
Recrystallization o f  3,5-diaminobenzoic acid (DABA). DABA is soluble in hot water.
However, at temperatures greater then ca. 50 °C the diamine solution becomes black, and
the resulting diamine after reprecipitation is a disconcerting green-gray in color; at times
only a dark oil results. Heating the water only to 35 °C did not cause this intense
darkening o f the solution. The diamine has limited solubility at this temperature, but the
recrystallized product was an off-white color rather than greenish-gray. As an example:
10 g o f DABA were added to 900 mL o f deionized water. The slurry was stirred on a hot
plate at 35 °C for 10 min. N ot all the crude DABA dissolved. The mixture was filtered
while hot, and the filtrate was kept at 0 °C for 15 h. The recrystallized DABA was
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filtered and washed with 800 mL o f cold water. A cream-colored solid (ca. 4 g) was 
isolated. The solid was dried under vacuum at 100 °C for 15 h.
Preparation o f  the poly(amic acid) form  o f  the copolymer form ed  from  6FDA and an 
equimolar mixture o f  4,4'-oxydianiline and 3,5-diaminobenzoic acid. The 6FDA/0.5 4,4'- 
ODA-0.5 DABA copolyimide was formed using a 250-mL resin kettle, the top of which 
was equipped with a nitrogen gas inlet, a stirring rod housing with the stirring rod 
attached to an overhead stirrer, and a stopper. To remove water from the glassware, the 
kettle was heated for several minutes with a heat gun with dry nitrogen gas flowing 
through the system. As an example o f the synthetic route undertaken, under a slow flow 
o f nitrogen gas DABA (3.016 g, 198.2 mmol) and 4,4'-ODA (3.972 g, 198.4 mmol) were 
added as solids directly to the kettle. DMAc (60 mL) was then added, and the mixture of 
diamines was dissolved by mechanical stirring. 6FDA (17.603 g, 396.3 mmol) was then 
added as a solid directly to the solution in the resin kettle, still under a slowly flowing 
nitrogen stream. An additional 40 mL o f DMAc were added. The final reaction mixture 
was stirred at room temperature for 15 h. The flask became warm to the touch after ca. 3 
min indicating that the dianhydride-diamine reaction was proceeding for form the 
poly(amide-carboxylic acid).
Synthesis o f  the polyim ide form  by chemical imidization. The poly(amic acid) o f the 
6FDA/0.5 4,4'-ODA-0.5 DABA copolymer prepared above was slowly poured into a 
magnetically stirred solution o f 150 mL o f acetic anhydride and 150 mL of pyridine. The 
solution was then heated to ca. 60 °C and stirred for 3 h. The solution, now containing
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the chemically imidized form o f the polymer, was then allowed to cool to the ambient 
temperature. The polyimide solution was added over ca. 30 min from a dropping funnel 
into 500 mL of deionized water contained in a rapidly stirring blender. Periodically, 
cubes o f ice were added to keep the temperature near the ambient, dissipating the heat 
engendered by the rapid stirring. The water-precipitated polyimide mixture was vacuum- 
filtered and washed with at least 500 mL of deionized water. The final polyimide was 
dried at 100 °C in air and then in a vacuum oven at 150 °C for 10 h to ensure removal of 
residual water, acetic acid, and pyridine. The success o f this could be determined by 
smell, because o f the volatility of pyridine. The isolated yield was 95%.
Synthesis o f  latent silver surfaces. A 6FDA/0.5 4,4'-ODA-0.5 DABA film containing 8.0 
wt % silver (considering only silver metal and polyimide) is described here as illustrative 
o f all metallized film syntheses. Silver®  oxide (0.172 g, 0.742 mmol) was added to a 
12-mL glass ja r , followed by 2.0 g o f DMAc, trifluoromethane sulfonic acid (0.222 g,
1.48 mmol), and finally another 2.0 g o f DMAc, respectively. The reaction mixture was 
stirred for 15 min to ensure the in situ formation o f the silver®  trifluoromethane 
sulfonate salt (AgOTf). Such formation was realized nearly immediately, as evidenced 
by the dissolution o f silver®  oxide, a fine black powder insoluble in DMAc. To this 
clear and colorless silver®  salt solution, 2.00 g o f the fully imidized form o f 6FDA/0.5 
4,4'-ODA-0.5 DABA copolymer was added, followed by 4.0 g o f additional DMAc. The 
resulting 20 wt % solids solution was stirred for 1 h to dissolve the copolyimide and 
ensure homogeneity o f the resulting solution. The silver(I)-doped solution was cast onto 
a glass plate at a thickness o f 0.45 mm using a doctor blade. The film was then placed in
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a film drying box for 15 h with dry air (relative humidity at 22 °C being ca. 5%) flowing 
through the box at ca. 150 scfh to evaporate DMAc.
Metallization o f  the latent surface. After at least 15 h in the dry box, the tack-free film 
was treated with aqueous solutions o f hydroxylamine or hydrazine monohydrate. The 
reducing agent solution was left on the film until the film became visually opaque. This 
qualitative assessment was standardized by describing as opaque any film through which 
a thick (ca. 2 mm), dark-colored line drawn on a white background could not be seen. 
After reaching opacity all metallized films were rinsed thoroughly with water to remove 
excess ions and reductants.
Characterization. Two-point resistance measurements were made with a FLUKE 111 
digital m ulti-m eter and a TENMA 72-2035 digital multi-meter. Sheet resistivity 
measurements were taken with a Lucas Signatone SYS-301 four-point probe, using two 
Thames and Kosmos digital multimeters and one Cramer-Simp son 921c mA range power 
supply (see Appendix B for setup and operational details). Scanning electron microscopy 
was performed with an Hitachi S-4700 field emission SEM, and transmission electron 
microscopy was performed with a Zeiss CEM-920 TEM. Thermo-gravimetric analysis 
was performed using a TA Instruments Q500 TGA. Scotch-tape tests for adhesion were 
performed with a transparent adhesive from 3M, as per Appendix A. Reflectivity 
measurements were taken using a Perkin-Elmer Lambda 35 Spectrometer and Perkin- 
Elmer polished aluminum mirror with reflectivity coefficient o f 0.92, as described in 
Appendix C.
Results and Discussion 
Preliminary work leading to a hypothesis. Previous work published in the open literature
36indicates that silver(I)-doped poly(amic acid) films, or polyimide films hydrolyzed to 
the poly(amic acid) and then doped with silver® ,13,14,17’19"21’127 can readily be chemically 
reduced with dilute reducing agent solutions. Unfortunately, the completely imidized 
structure is the only polym er form with applied usefulness due to the low glass transition 
temperatures and hydrolytic, chemical, and thermal instabilities o f poly(amic acid)s. In 
light o f these items, a natural consideration is whether a similar process can be applied to 
silver(I)-doped polyimides. As explained in the Introduction, aqueous reducing agents 
merely darken the polyim ide films, presumably leaving silver nanoparticles well 
distributed throughout the bulk due to higher reducing agent mobility in the polymer than 
silver®  mobility.
The next question, then, becomes what causes the increased mobility in the 
poly(amic acids). W hile lower than in polyimides, the poly(amic acid) glass transition 
temperatures are still well above room temperature, so the films cannot be thermally
13 17softened at the ambient temperature. Studies by Akamatsu and coworkers ’ present 
data for the formation o f a silver surface on aqueous KOH-hydrolyzed Kapton 
(PMDA/4,4'-ODA) o f  considerable relevance. The strong base treatment opens surface 
and near-surface imide rings to the amide-carboxylic acid structure. The surface of a 50- 
micron Kapton film was hydrolyzed to the amic acid with 5 M KOH to a depth of ca. 3.3 
microns. The potassium ions o f the metal carboxylate salt entities o f the hydrolyzed film 
were exchanged with silver ion using excess silver nitrate. The film was dried. Exposed
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as a dry substrate to ultraviolet radiation, the silver ion-containing film did not develop a 
metallic silver surface. However, when water was placed on top o f the film, exposure to 
UV light then brought forth the formation o f a surface silver layer with a bulk resistivity 
o f 1.4 ohm-cm (that is, six orders of magnitude above the resistivity o f bulk 
polycrystalline silver). The thickness o f the silver layer was ca. 80 nm. Thus, the 
presence o f water on the silver(I)-doped surface plays a significant role in developing a 
metallic layer. That it must be an ion transport mechanism is enforced by the intense 
yellow-brown color o f Kapton, a reminder o f its strong absorption in the UV and visible 
spectra. Thus, only silver®  near the surface may be reduced, meaning that silver®  must 
be transported to the surface in cationic form in order for a silver layer to appear. Silver 
atoms and clusters cannot form in the bulk o f the film and then be transported to the 
surface, as no reductant is present beyond the very near surface.
In the case o f the poly(amide carboxylate)s, it is clear that the ionic component of 
the film structure dominates the water absorption o f the film. The potassium, and then 
silver, carboxylate salts are significantly hydrophilic, drawing enough water to make ion 
transport facile. In the case o f the poly(amic acids) reported by Thompson and 
coworkers, however, no carboxylate salt is formed, meaning two polar groups are present 
which could be responsible for the water transport. That is, it is not immediately obvious 
whether the amide functionality or the carboxylic acid functionality— or a combination of 
the two— is most necessary to the absorption o f water by the film, and consequently, to 
ion transport.
In light o f this ambiguity, preliminary explorations were conducted with 
poly(ethylene-co-acrylic acid), at 20 % acids. This represents a tenth o f the concentration
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o f carboxylic acid groups in a poly(amic acid), which has two carboxylic acids (and two 
amides) per repeat unit. Doping the PEAA at 8 wt % silver®  as the 
hexafluoroacetylaceonato complex did not afford silver surfaces under treatment with 1 
vol % hydroxlamine or 0.5 vol % hydrazine hydrate unless pretreated with 1 vol % 
ammonia. With either pretreatment or co-treatment o f the surface with ammonia, 2-pt. 
resistances between 1 and 150 ohms were recorded, the better resistances coming from 
co-treatment. This phenomenon is due to two contributing factors. First, the basic 
ammonia neutralizes the carboxylic acid, forming the ammonium carboxylate salt, which 
is distinctly hydrophilic. Second, silver forms the diammine complex with ammonia, Kf
o
ca. 10 , which should enhance ion transport due to a decreased charge per unit area. In 
the relatively non-polar polyethylene segments— the majority o f the polymer— the 
second consideration can be assumed to be o f little importance, implying that the 
ammonium carboxylate salt does most o f the work to increase silver ion mobility.
Based on this work, it was undertaken to synthesize a fully imidized polyimide 
that possessed both solubility in the imide form and a dangling carboxylic acid group. 
While the latter might not enhance silver ion mobility directly, it could be made to easily 
by pre- or co-treatment with ammonia. It was hypothesized that the inclusion o f pendant, 
hydrophilic carboxylic acid groups along the polyimide chain would enhance the 
absorption o f water in the polymer film leading to modest polyimide swelling, thereby 
allowing for more facile silver ion migration .26,128 The presence o f pendant carboxylic 
acid groups might also decrease packing efficiency, which also should increase ion 
diffusivity. Furthermore, the working premise focuses on the use of the fully imidized 
form o f a polyimide that was imidized by chemical methods rather than by thermal
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methods, most particularly by stirring in a pyridine-acetic anhydride solution at 60 °C. 
While infrared data do not show any differences between thermally and chemically
9 5imidized polyimides, nonetheless ion mobility is critically dependent on the polyimide 
history and resulting structure.129 This is illustrated in the observations o f Manring24 and
9 f\Mazur et al. where they found that ion mobility— specifically o f silver® , nitrate, 
sodium, and borohydride ions— is extremely hindered in Kapton prepared by thermal 
imidization at 350 °C, but facile in chemically imidized (pyridine-acetic anhydride) 
Kapton. They also reported that “thermally imidized PM DA/ODA swells very little” in 
polar solvents such as dimethylformamide and acetontrile while chemically imidized 
PM DA/ODA films “swelled by as much as 100% in [dimethylformamide] and 36% in 
acetonitrile.” Such swelling by polar solvents enhances ion mobility.
To achieve this end we chose to prepare the polyimide copolymer o f the 6FDA 
dianhydride (1 mol) with equimolar amounts o f 3,5-diaminobenzoic acid (DABA) (0.5 
mol) and 4,4'-oxydianiline (4,4'-ODA) (0.5 mol), which introduces a pendant carboxylic 
acid group via the diamine component (Figure II.If). The polyimide formed from 6FDA 
and DABA only, as well as several copolyimides of 6FDA with DABA and a second 
diamine, has been independently synthesized and have properties typical of polyimide
1 TO 1 99films. ' W e chose to incorporate 4,4'-ODA as a second diamine to maintain the 
mechanical properties o f  the copolymer near those o f 6FDA/4,4'-ODA, which is a 
recognized high performance polyimide with excellent mechanical properties.134 The 
6FDA/0.5 4,4'-ODA-0.5 DABA poly(amic acid) random copolymer o f this work was 
synthesized by combination o f 6FDA dianhydride with an equimolar quantity of the two 
diamines in DMAc. This poly(amic acid) was then chemically imidized by heating at 60
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°C for several hours in a solution o f pyridine and acetic anhydride. After imidization, the 
solid polymer was precipitated by slowly adding the pyridine-acetic anhydride solution of 
the polyimide to water.
Polymer properties. The isolated solid polyimide was off-white in color. The glass 
transition temperature was measured at 326 °C by DSC, intermediate to that of 
6FDA/ODA at 275 °C and 6FDA/DABA at 346 °C .13<W34 The temperature at which 10% 
weight loss is observed by TGA with a heating rate o f 10 °C/min is > 500 °C, as shown 
in Figure II.3. Solvent depletion leaves a neat polyimide film that is creaseable. Solvent 
loss studies indicate that at least 96 % o f the solvent has evaporated after ca. 11 hours, as 
shown in Figure II.4. This number is comparable to the values reported previously for 
6FDA/4-BDAF in the fully imidized form .2
Metallization results. The 6FDA/0.5 4,4'-ODA-0.5 DABA fully imidized copolymer and
silver®  triflate, prepared in situ from silver®  oxide and triflic acid in a 1:2 mole ratio
(1:1 mole ratio o f Ag+:CF3S0 3 _), were first dissolved in DMAc. After stirring for ca. 1 h
to ensure homogeneity, a latent silver ion film was cast on a glass plate and placed in a
film box for ca. 15 h with dry air (relative humidity at 22 °C being ca. 5%) flowing (ca.
150 scfh) through the box to evaporate DMAc. After this, aqueous hydrazine hydrate or
aqueous hydroxylamine between 0.1 and 1.0 vol % was placed on the top o f the film.
After several minutes the silver(I)-doped films became opaque with gradual formation of
a brilliant silver mirror which exhibits electrical conductivity in the metallic range.
Equally striking is the fact that all o f the silvered films prepared in this study exhibited
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unfailing metal-to-polyimide adhesion. No silver can be removed by any adhesive tape 
tests, nor is silver removed by rubbing the surface with a soft polishing cloth. The results 
o f several latent metallization experiments are summarized in Tables II. 1-5 and discussed 
below.
Resistance. Table II. 1 summarizes electrical resistance data (two-point probe) for the 
metallization o f silver®  trifluoromethane sulfonate-6FDA/0.5 4,4'-ODA-0.5 DABA 
polyimide films as a function o f three aqueous reducing agents, specifically, hydrazine 
hydrate, hydroxylamine, and methylhydrazine. The silver concentration ranged from 2.1 
to 7.4 w t % corresponding to 0.3 to 1.1 vol % based on a density o f 10.5 g/cm for silver 
and 1.45 g/cm for the polyimide. The concentrations o f the reducing agents in water 
were either 1.0 or 0.5 vol %. We chose these three reducing agents rather than the much 
more com mon sodium borohydride because o f the minimal byproducts o f the reduction, 
which are prim arily dinitrogen, water or methanol, and hydronium ions:
N 2H4 N 2 + 4H+ + 4e‘ (II. 1)
2 NH 2OH N 2 + 2H+ + 2 H20  + 2e' (II.2)
CH3NHNH 2 + H20  -»  N 2 + 4H+ + CH3OH + 4e" (II.3)
compared with those for borohydride:
B H f + 8 OH' -> H2B0 3' + 5 H20  + 8e' (II.4)
B H f + 7 OH' ->  H3BO3 + 4 H20  + 8e' (II.5)
BH4 + 3 H2 0  —> H3BO3 + 7 H+ + 8e (H-b)
Two significant conclusions are suggested by the data in Table II. 1: 1) varying
concentrations o f silver®  ions lead to metallized polyimide surfaces which are highly
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conductive, and 2) hydroxylamine and hydrazine at very modest concentrations are 
highly effective in developing a silver surface. It is interesting to note that once the 
concentration o f 3.9 wt % silver®  is reached, higher silver®  concentrations do not lead 
to films that have decreased resistance. Thus, a very low volume concentration o f silver 
ions generates a metallized surface with conductivity closely resembling that o f bulk 
polycrystalline silver. With the preliminary observations contained in Table 1, the 
formation o f silvered films with silver ion concentrations at 4.0 and 8.0 wt % were 
selected for more thorough study, for which data is summarized in Tables II.2-5.
Specular reflectivity and surface resistivity. Table II.2 summarizes surface resistivity and 
specular reflectivity data for the metallization of 6FDA/0.5 4,4'-ODA-0.5 DABA films at 
4 wt % silver®  as the CF3SO3' salt using hydroxylamine and hydrazine hydrate as 
reducing agents for various periods o f time. Three things stand out: 1) hydroxylamine 
develops a metallized surface more rapidly than hydrazine hydrate; 2 ) the reflectivities 
are greater with hydroxylamine; and 3) treating the films with dilute ammonia for 5 min 
before application o f the reducing agent greatly increases the rate o f formation o f a 
metallized surface, although there is no enhancement o f either the reflectivity or 
conductivity.
Table II.3 presents data for systems similar to those in Table II.2 but for films 
comprised o f 8 wt % silver®  as the CF3S03 ' salt. As observed in Table II. 1, 
methylhydrazine is not as effective as hydrazine hydrate or hydroxylamine for surface 
metallization either alone or with ammonia pretreatment. At 8 wt % silver®  both 
hydrazine hydrate and hydroxylamine bring forth a metallized surface more rapidly than
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at 4 wt % silver® . The surface conductivities are higher, but the specular reflectivities 
are lower relative to the 4 wt % congeners with hydroxylamine again giving films of 
greater reflectivity. Again, pretreatment with ammonia leads to more rapid formation of 
the surface metal layer but with no significant benefit to conductivity or reflectivity.
Table II.4 presents data for the same system as in Table II.3 except that the 
silver®  salt is now the nitrate rather than the trifluoromethane sulfonate. The differences 
between the polyimide films derived from the nitrate and the trifluoromethane sulfonate 
salts are modest w ith the surface resistivities in particular being uniformly higher. 
Comparing the reflectivity data among Tables II. 1, II.2, and II.3, it appears that most 
often the films with the highest reflectivities are realized when the reduction and 
consequent silver surface development occur most slowly. Rapid formation of silvered 
surfaces may produce a more irregular topology, thereby diminishing specular 
reflectivity. By analogy, this makes considerable sense— packing marbles into a case 
layer by layer will allow for more efficient packing and a smoother surface layer than 
dumping o f the same number o f marbles into the case all at the same time.
Table II.5 displays reflectivity and resistivity data which show the effect of post­
reduction thermal treatment on a series o f identical 8 wt % silver-6FDA/0.5 4,4'-ODA- 
0.5 DABA films. A single latent silver®  polyimide solution was cast simultaneously 
onto ten glass petrographic slides (27 mm x 46 mm) with a doctor blade, and, after 
drying ca. 15 h in the film box, each slide was reduced independently from the same 
stock solution o f 1.0 vol % aqueous hydroxylamine. Because the films were 
independently metallized to the first full visual opacity (see Experimental), the initially 
realized reflectivity and resistivity values (Table II.5, left) prior to thermal treatment vary
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slightly. Over the ten films o f Table II.5, the average reflectivity value is 63 %, and the 
average sheet resistivity is 3.6 ohms/sq (neglecting the outlying values o f 15 and 18 
ohms/sq). Heating the films according to the protocol detailed in Table II.5, footnote c, 
resulted in an increase in reflectivity up to ca. 150 °C; thereafter, the reflectivity 
decreases relative to the room temperature values until, after being at 300 °C for 1 h, the 
films have lost virtually all specular reflectivity. The change in resistivity is more 
uniform, with all films but one showing a decrease in surface resistivity. The reflectivity 
and resistivity measurements upon just reaching 300 °C (Table II.5, sample 8) appear 
anomalous and have been left out o f Figures II.5 and II.6 . This result is difficult to 
explain, although multi-component heterogeneous systems undergoing chemical 
transformation not uncom monly exhibit anomalous behavior. Figure II.5 shows the 
percent change in resistivity as a function o f thermal treatment time. The percent change 
in sheet resistivity increases up to ca. 250 °C; thereafter, the percent change decreases, 
but the sheet resistivity is still lowered. We suggest that the modest increase in 
conductivity is due to some sintering o f  silver particles to densify the metallic phase.
• 27 •This would be consistent with observations o f Mazur and coworkers. Figure II.6 shows 
the percent change in surface specular reflectivity with increasing temperature. The 
reflectivity increases w ith heating reaching a maximum at ca. 150 °C and then seriously 
degrades with virtually all reflectivity lost after being at 300 °C for 30 min or more. 
Substantial loss o f reflectivity at 300 °C for 30 min or longer is likely due to silver- 
catalyzed oxidative degradation of the organic polymer.
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M icroscopy studies. Figure II.7 shows scanning electron micrographs (SEMs) for 4 wt % 
silver(I)-6FDA/0.5 4,4'-ODA-0.5 DABA films reduced with 1.0 vol % hydrazine hydrate 
or 1.0 vol % hydroxylamine. The surface silver is a predominately continuous layer with 
something like typical grain boundary morphology, although there are some random gaps 
mostly on the order o f tens o f nanometers. While the micrographs o f Figure II.7 appear 
to show that the hydroxylamine films have a slightly denser packing o f silver relative to 
the hydrazine hydrate films, the latter films have a modestly lower surface resistivity.
This may be due to a much larger particle size in the hydrazine hydrate films with fewer 
grain boundaries and a lessened probability o f polyimide intervening between silver 
particles and grains. It appears that there is a much greater array o f nanometer-sized 
quasi-spherical particles in the hydroxylamine-reduced film with voids having been filled 
by additional silver reduction. That the metal particles on the two films o f Figure II.7 are 
in virtually complete space-filling contact is supported by the fact that annealing similar 
films (i.e., those in Table II.5) up to ca. 275 °C does not greatly the lower the surface 
resistivity. As seen in Figure II.5 the percent change in resistivity for similar films 
increases with temperature up to a maximum of ca. 100 °C and decreases thereafter to a 
final temperature o f ca. 275 °C. This is to be compared with the silver interlayer 
formation via countercurrent diffusion o f silver®  and borohydride anion from opposite 
sides o f Kapton films which reduction involves the formation o f nanometer-sized 
particles in Kapton described by Mazur and coworkers.27 There, the bulk conductivity of 
the interlayer o f nanometer-sized silver particles is 1.7 x 103 ohm "1 cm '1, much lower than 
the bulk polycrystalline silver value o f ca. 6.3 x 105 ohm"1 cm"1. Upon annealing the 
interlayer at 400 °C for 10 min under dinitrogen, the conductivity improved via
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“sintering” to be >98% that o f bulk silver. The fact that annealing the films o f our study 
only modestly affects conductivity (i.e., only modest sintering occurs) is consistent with 
the formation o f a silver layer composed o f polycrystalline bulk silver rather than quasi- 
spherical submircon particles with substantial intervening polymer. Indeed, the SEM 
micrographs do not show evidence o f discrete nanoparticles such as those seen in Figure
II.8 , which is discussed in the following paragraph, and as seen in the work o f Reich et 
a l.27
Figure II .8 shows electron micrographs for a 2.1% silver film prepared in this 
study (Table II. 1, section A, the film with a resistance o f 24 ohms) with 6FDA/0.5 4,4'- 
ODA 0.5-DABA and AgOTf, reduced with 0.5 vol % NH 2OH, and for a 2.0% silver film 
prepared from (hexafluoroacetylacetonato)silver(I) and 6FDA/4-BDAF, heated to 275 °C 
to thermally promote silver(I) reduction, the latter recently reported in the open 
literature .1 The specular reflectivity o f the thermally silvered film was 82% (relative to a 
front-surface Perkin-Elmer aluminum mirror, with reflectivity coefficient o f 0.92, as 
described in Appendix C). However, the silver particles were not in intimate contact, and 
thus, the surface was not electrically conductive. In this thermally promoted reduction all 
that is seen are quasi-spherical silver particles, a distinct subset o f which aggregate 
preferentially very near to the top o f the film. The globular particles are closely spaced to 
give high reflectivity, but remain separated from one another by a thin layer of polymer. 
The reduction o f silver ions in the films o f interest herein appears particularly different 
for the hydrazine hydrate reduced films. With hydrazine hydrate the formation of the 
metallic phase does not seem to occur by building up spherical-like particles which 
eventually grow large enough to touch, thus forming a reflective and conductive surface.
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The growth visually resembles dendritic and plate-like growth with additional silver then 
filling most available space.135
Figures II.9 and II. 10 display transmission electron micrographs for 4 and 8 wt % 
silver films prepared from AgOTf-6FDA/0.5 4,4'-ODA 0.5-DABA and reduced with 1.0 
vol % hydroxyl amine. The development of the 8 wt % film gives a surface layer with a 
thickness o f ca. 400 nm which is some 60% of that expected if  all of the silver ion had 
migrated to the surface. Indeed, it is clear that silver nanoparticles are found in the bulk 
o f the polyimide as well as at the surface; see especially Figure 11.11, an image of the first 
13 microns o f the ca. 45-micron thick film. The same pattern is seen for the 4 wt % film 
with a ca. 160 nm thick surface which is some 45% o f that expected from the total 
amount o f silver ion in the initial film. Based on these silver film thicknesses, the 
resistivity measurements displayed in Tables II.2 and II.3 are recalculated in light of 
equation 1.1, and displayed in table II.6 . The lowest resistivities are on the order o f bulk 
polycrystalline silver.
Mechanism fo r  form ation o f  the silver surface. Strongly related to the mechanism of
13 17surface silver formation in this work are studies by Akamatsu et al., ’ as described 
above. Recall that only when water was placed on the surface o f the film did exposure to 
UV light bring forth the formation o f a surface silver layer with a bulk resistivity of 1.4 
ohm-cm. The thickness o f the silver layer was ca. 80 nm. Clearly, the presence of water 
on the silver(I)-doped surface plays a powerful role in developing the metallic layer.
Since the poly(amic acid) o f Kapton is an intense yellow-brown color and is dominated 
by aromatic units, this polymer absorbs ultraviolet and visible light strongly. Therefore,
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only silver ions very near the surface can be reduced. Thus, for the metallized surface to 
form, silver ions must migrate to the surface before reduction. This migration is 
consistent with the need for water to be present in the bulk o f the polyimide. Poly(amic 
acid)s, formed by KOH hydrolysis and with two carboxylate groups per repeat unit, are 
significantly hydrophilic. Thus, water will be absorbed and lead to swelling o f the 
poly(amic acid) portion o f the film. Enhanced water concentration in the poly(amic acid) 
phase facilitates ion transport within the polymer and continuing migration o f silver(I) 
ions to the film surface driven by the concentration gradient. Furthermore, the continuing 
formation o f a silver layer further reduces the internal intensity o f ultraviolet light by 
absorption and reflection. Akamatsu et al. calculate that at 1000 nm the I/Io ratio is 
0.037. Thus, including the further diminution o f incident intensity at the interior o f the 
poly(amic acid) surface due to the quickly, initially formed silver layer, the majority of 
silver ions must be reduced only at the surface, supporting the idea that silver ion 
migration to the surface is essential. Akamatsu et al. state, “The reduction o f silver ions 
therefore occurs predominantly near the surface of the [KOH] modified layer at an early 
stage o f irradiation.” Thus, silver atoms and clusters do not form in the bulk o f the 
poly(amic acid) and subsequently migrate to the surface.
From Akamatsu et al.’s studies we suggest that in the films described herein 
silver(I) ions migrate from the bulk o f the film in significant quantity where they are 
reduced at or very near the film surface upon contact with aqueous reducing agent, 
forming a reflective and conductive metallic surface. This ion migration mechanism for 
the formation o f the silvered surface is supported further by the fact that when the 
silver(I)-doped films are pretreated with aqueous ammonia for ca. 5 minutes, the rate of
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formation o f the surface mirror is almost doubled. We suggest that the carboxylic acid 
groups of the 3,5-diaminobenzoic acid moiety are neutralized by the basic ammonia, and 
ammonium carboxylate couples are formed. This gives an ionic structure to the 
polyimide film, which should enhance water absorption into the polymer structure and 
thus facilitate silver(I) ion mobility. Since ammonia with silver(I) forms the
o
diamminesilver(I) complex cation, K f« 10 , this complex ion may migrate more rapidly 
than the aquated silver(I) ion due to the fact that the strongly ammine-bound silver®  
cation cannot interact as well with donor/ligand functionalities o f the polymer as the 
weakly aquated silver®  ion. This mechanism is further consistent with that suggested by 
Akamatsu et al.; they showed using glow discharge optical emission spectroscopy that 
the initial silver(I)-doped poly(amide carboxylate) layer o f the Kapton film had a uniform 
distribution o f silver®  ions. After soaking the film for 5 min in aqueous sodium 
borohydride, most o f the silver had migrated to or near to the surface o f the film in 
forming the metallic surface. This was attributed to facile migration o f silver ions to the 
surface where reduction takes place. Some silver nanoparticles were observed in the bulk 
o f the film, presumably due to partial borohydride migration into the film. Indeed, we 
also see silver nanoparticles in the bulk of the film as per Figures 8 and 9, discussed 
earlier.
Conclusions
A straightforward and cogent method has been developed to fabricate silver 
surface-metallized 6FDA/0.5 4,4'-ODA 0.5-DABA polyimide films. Reflectivities 
approaching that o f the best silver mirrors and resistivities on the order of bulk
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polycrystalline silver have been achieved. O f crucial importance, the silver film is
unfailingly adhered to the base polyimide, something which cannot be achieved with
physical vapor deposition o f native silver onto high-performance polymers. A U.S.
1patent application, no. 11/950,475, has been filed regarding this invention, especially 
in its embodiments as dip, spray, or print-on coatings, surfaces, or patterns. A draft o f 
that patent application, superior to the application actually submitted in breadth of 
coverage, clarity, and verbal aesthetic, is attached as Appendix D.
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Tables
Table II. 1
M etallization o f 6FDA/0.5 4,4'-ODA-0.5 DABA films as a function o f reducing 
agent and silver(I), as the CF3SO3’ salta, concentration: resistance measurements
Ag(I)-6FDA/0.5 
ODA-O.5 
DABA  
film sample
Silver(I) 
(wt % )a
Silver®  
(vol %)b
Aqueous reducing 
solution 
(agent) (vol %)
Resistance 
(two point) 
(ohm)
A
2.1 0.30 NH2OH 0.5 24
2.1 0.30 N 2H4 0.5 c
2.1 0.30 CH3NHNH2 1.0 c
'w m m W M M .
B
3.9 0.55 NH2OH 0.5 2.1
3.9 0.55 N 2H4 0.5 1.9
3.9 0.55 CH3NHNH2 1.0 2.7
W /////y ////A V ///////////Ay/ / / / / / / / / / / / y .
C
5.6 0.81 NH2OH 0.5 2.2
5.6 0.81 N 2H4 0.5 1.4
5.6 0.81 CH3NHNH2 1.0 11
D
7.4 1.1 NH2OH 0.5 2.1
7.4 1.1 N2H4 0.5 1.7
7.4 1.1 CH3NHNH2 1 11
a. The percent silver is calculated on polymer and silver only; the mass o f the anion
is not included.
b. Volume percent is calculated from the density o f silver at 10.5 g/cm and the 
density o f the polyim ide at 1.45 g/cm3. 
c . Resistances are in the megaohm region.
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Table II.2
Metallization o f 6FDA/0.5 4,4'-ODA-0.5 DABA films at 4.0 wt % silver®  as the
CF3S 0 3's a lta
Aqueous reducing 
solution 
(agent) (vol %)
Ammonia
(aqueous)
Metallization 
time (min)
Reflectivity13
(%)
Resistivity0
(ohm/sq)
N 2H4 1.0 none 9.1 71 0.35
N 2H4 0.5 none 13.5 70 1.6
N 2H4 0.1 none 17.0 75 0.54-wmmmm
NH2OH 1.0 none 6.1 88 3.9
N H 2OH 0.5 none 8.3 84 5.9
NH2OH 0.1 none 9.5 88 2.7
yZo/Z/Zo/Z4/Z44/Z///
N H 2OH 1.0 0.1 M 2.3 73 4.9
NH2OH 0.5 0.1 M 2.8 72 5.7
N H 2OH 0.1 0.1 M 2.5 61 5.4
a. Ag(CF3S 0 3) prepared without isolation from equivalent amounts of Ag20  and 
CF3S 0 3H in DMAc. The percent silver is calculated on polymer and silver only; the 
anion is not included.
b. Specular reflectivity relative to a Perkin-Elmer Al mirror with an absolute 
reflectivity o f 0.92.
c. Surface resistivity measured via the four-point probe technique.
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Table II.3
M etallization o f 6FDA/0.5 4,4'-ODA-0.5 DABA films at 8.0 wt % silver(I) as the
CF3S 0 3‘ salt3
Aqueous reducing 
solution 
(agent) (vol %)
Ammonia
(aqueous)
Metallization
time
(min)
Reflectivity15
(%)
Resistivity0
(ohm/sq)
NH2OH 1.0 none 1.6 44 0.1
N2H4 1.0 none 3.3 13 1.8
CH3NHNH2 1.0 none 15.5 23 d
NH2OH 1.0 0.1 M 1.1 49 0.03
N2H4 1.0 0.1 M 2.1 37 0.03
CH3NHNH2 1.0 0.1 M 8.6 6.5 d
a. Ag(CF3S0 3 ) preparec without isolation from equiva ent amounts ol Ag20  and
CF3SO3H in DMAc. The percent silver is calculated on polymer and silver only; 
the anion is not included.
b. Specular reflectivity relative to a Perkin-Elmer Al mirror with an absolute 
reflectivity o f 0.92.
c. Surface resistivity measured via the four-point probe technique.
d. Resistivity is high, outside of reliable four-point probe range. Two-point 
resistances are in the kiloohm region.
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Table II.4
M etallization o f 6FDA/0.5 4,4'-ODA-0.5 DABA films at 8.0 wt % silver®  as the
N 0 3‘ salt3
Aqueous reducing 
solution 
(agent) (vol %)
Ammonia
(aqueous)
Metallization
time
(min)
Reflectivity*3
(%)
Resistivity0
(ohm/sq)
n h 2o h 1.0 none 1.7 63 3.7
N2H4 1.0 none 7.5 63 2.7
CH3NHNH2 1.0 none 10.1 12 d
NH2OH 1.0 0.1 M 0.7 25 4.9
n 2h 4 1.0 0.1 M 1.5 65 2.0
CH3NHNH2 1.0 0.1 M 5.9 45 7.4
a. The percent silver is calculated on polymer and silver only; the anion is not 
included.
b. Specular reflectivity relative to a Perkin-Elmer Al mirror with an absolute 
reflectivity o f 0.92.
c. Surface resistivity measured via the four-point probe technique.
d. No measurable conductivity.
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Table II.5
Effect o f  therm al treatment on resistivity and reflectivity o f metallized 
6FDA/0.5 4,4'-ODA-0.5 DABA films at 8 . wt % silver(I) as the CF3SO3" salt3
Sample
label
Before therm al treatment15 Thermal treatm ent0 After thermal treatm ent
Reflectivity
(%)
Resistivity
(ohm/sq)
Temp
(°C)
Time
(min)
Reflectivity
(%)
Resistivity
(ohm/sq)
1 64 2.4 25 0 68 1.8
2 70 2.8 150 36 88 1.0
3 65 4.0 175 54 76 0.6
4 59 18 200 72 56 1.5
5 64 15 225 91 50 2.3
6 69 3.0 250 109 25 1.2
7 56 2.5 275 127 10 0.5
8 57 4.6 300 145 34 4.6
9 57 3.5 300 175 3.0 1.7
10 64 6.1 300 205 1.6 4.1
a. The percent silver is calculated on polymer and silver only; the anion is not 
included.
b. These data represent ten discrete films, made from the same silver(I)-polyimide 
solution, after solvent depletion and subsequent reduction o f silver(I) with aqueous 
1.0 vol % N H 2OH. Each film was attached to a 27 mm x 46 mm glass petrographic 
slide, and m etallized individually.
c. The thermal treatm ent followed the protocol: heat to 135 °C over 20 minutes, hold 
for 5 minutes; heat to 300 °C over 120 minutes, hold for 60 minutes. At each of the 
specified temperatures (every 25 °C above 150 °C, and at half-hour intervals at 300 
°C), one film slide was removed, allowed to cool to room temperature, and 
characterized.
d. These data represent the ten discrete films after thermal treatment as described 
above.
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Table II.6
M etallization o f 6FDA/0.5 4,4'-ODA-0.5 DABA films at 4.0 and 8.0 wt % 
silver(I) as the CF3SO3" salt,3 including bulk resistivity
Silver
Concentration3
Aqueous reducing 
solution
Ammonia Reflectivity15 BulkResistivity0
(wt %) (agent) (vol %) (aqueous) (%) (ohm*cm)
4.0 N 2H4 1 none 71 5.6E-08
4.0 N 2H4 0.5 none 70 2.6E-07
4.0 N 2H4 0.1 none 75 8.6E-08
w m
4.0 NH2OH 1 none 88 6.2E-07*
4.0 NH2OH 0.5 none 84 9.4E-07
4.0 NH2OH 0.1 none 88 4.3E-07
'w m w m m
4.0 n h 2o h 1 0.1 M 73 7.8E-07
4.0 n h 2o h 0.5 0.1 M 72 9.1E-07
4.0 n h 2o h 0.1 0.1 M 61 8.6E-07
'W m m m .
8.0 n h 2o h 1 none 44 5.2E-08*
8.0 n 2h 4 1 none 13 7.2E-07^y/y ///7 7 //y /y ////
w m r n w m m W m m .
8.0 n h 2o h 1 0.1 M 49 1.2E-08
8.0 n 2h 4 1 0.1 M 37 1.2E-08
a. The percent silver is calculated on polymer and silver only; the anion is 
not included.
b. Specular reflectivity relative to a Perkin-Elmer Al mirror with an 
absolute reflectivity o f 0.92.
c. Surface resistivity per Tables II.2 and II.3, multiplied by estimated silver 
layer thickness, from TEM (Figures xx and yy) on the starred entries, to 
give the bulk resistivity. Silver layer estimated at 160 nm for 4.0 wt %, and 
400 nm for 8.0 wt %. Note that these layer estimates are clearly incorrect 
for some systems (e.g., 8.0 wt % treated with ammonia), where the 
calculated bulk resistivity is lower than that o f pure silver. The values 
should be taken as good estimates for the starred entries, and estimates only 
for all other entries.
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Figures
Figure II. 1
a. (1,1,1,5,5,5-hexafluoroacetylacetonato)silver(I)
,CF
0
/
o
c f3
b. (dibenzoylmethanato)silver(I)
c. Ultem® poly(ether imide)
d. Langley Research Center Colorless Polyimide 1 (LaRC CPI), 6FDA/4-BDAF
CF
O
c f 3
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O
e. LaRC CP2, 6FDA/APB
O O
f. 6FDA/0.5 4,4'-ODA-0.5 DABA
N,
OH
Figure II.2
Synthesis o f 6FDA/0.5 4,4'-ODA-0.5 DABA copolyimide:
N-
OH
HO OH
'OH
6FDA/0.5 4,4'-ODA-0.5 DABA poly(amic acid)
■ 4H20
1. DM Ac
2. Pyridine/acetic anhydride (1:1)
OH
6FDA/0.5 4,4'-ODA-0.5 DABA polyimide
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Figure II.3
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Thermogravimetric analysis (TGA) indicating 10 % weight loss temperature is above 
500 °C. Note the loss o f ca. 3.5 wt % near 400 °C coming from decarboxylation o f the 
pendant carboxylic acid group.
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Figure II.4
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Dimethylacetamide solvent loss as a function of time from 6FDA/0.5 4,4'-ODA-0.5 
DABA film cast on a glass slide at 0.45 mm. The film was contained in a film box with 
air at 5% relative humidity flowing at 150 scfh through the box. The open circle in 
parentheses represents the solvent loss after 23 h which was 96.4 %. The solvent loss at 
10.5 h was 95.9 %.
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Figure II.5
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Percent change in sheet resistivity versus heating time for an 8 wt % silver film prepared from 6FDA/0.5 
4,4'-ODA-0.5 D A BA -A gO T f and reduced with 1.0 vol % hydroxylamine. The heating rate was 5.5 
degrees/minute from 25 °C to 135 °C, then 1.4 degrees/minute to 300 °C, where the temperature was 
maintained for 1 hour. Samples were taken from the oven at 25 °C increments above 150 °C, and at half- 
hour intervals at 300 °C. (From data in Table II.5.)
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Figure II.6
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Percent change in reflectivity versus heating time for an 8 wt % silver film prepared from 6FDA/0.5 4,4'- 
ODA-O.5 D A BA -A gO T f and reduced with 1.0 vol % hydroxylamine. The heating rate was 5.5 
degrees/minute from 25 °C to 135 °C, then 1.4 degrees/minute to 300 °C, where the temperature was 
maintained for 1 hour. Samples were taken from the oven at 25 °C increments above 150 °C, and at half- 
hour intervals at 300 °C. (From data in Table II.5.)
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Reduced with 1 vol % NH2OH Reduced with 1 vol % ^FL rFE O
■ •• . •
PH
Scanning electron micrographs of the surfaces o f two silver triflate-6FDA/0.5 4,4'-ODA-
0.5 DABA films. On the left is a film reduced with 1 vol % aqueous hydroxylamine; on 
the right is one reduced with 1 vol % aqueous hydrazine hydrate. Scale bars all represent 
1000 nm.
Figure II. 8 
(next page)
Electron microscopy comparisons o f surface silver between a 2.1% silver film prepared 
in this study with 6FDA/0.5 4,4'-ODA-0.5 DABA and A gO Tf and reduced with 0.5 vol 
% NH2OH and a 2.0% silver film prepared from (hexafluoroacetylacetonato)silver(I) and 
6FDA/4-BDAF and heated to 275 °C to thermally promote silver(I) reduction. Note the 
considerable difference in the morphology o f the silver surface formed.
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SEM of the 2.1% silver film from A gOTf in 6FDA/0.5 4,4'-ODA-0.5 DABA reduced 
with aqueous 0.5 vol % NH2OH. This is film A o f Table II. 1 with a two point resistance 
o f 24 ohms. Scale bar is 1 micron.
150 nm
Left, SEM, and right, TEM, for 2.0 wt % (hexafluoroacetylacetonato)silver(I)-6FDA/4- 
BDAF film prepared in DMAc and heated to 275 °C, the point o f maximum reflectivity 
(%R = 82 %). In the TEM, the silver layer is at the top o f the image.
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Figure II.9
Transmission electron micrograph o f a 4 wt % silver film prepared from AgOTf- 
6FDA/0.5 4,4'-ODA 0.5-DABA and reduced with 1.0 vol % hydroxylamine. Surface 
silver layer is ca. 160 mu; a layer composed o f all the silver in the film would have been 
ca. 350 nm.
Figure 11.10 
(Next page)
Transmission electron micrographs o f an 8 wt % silver film prepared from AgOTf- 
6FDA/0.5 4,4'-ODA 0.5-DABA and reduced with 1.0 vol % hydroxylamine. Surface 
silver layer is ca. 400 nm; a layer composed o f all the silver in the film would have been 
ca. 690 nm. Note the extensive nanoparticle formation in the bulk o f the film.
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Figure II. 11
Transmission electron micrograph o f an 8 wt % 
silver film prepared from AgOTf-6FDA/0.5 
4,4'-ODA 0.5-DABA and reduced with 1.0 vol 
% hydroxylamine. Surface silver layer is ca. 
400 nm; a layer composed of all the silver in 
the film would have been ca. 690 nm. Note the 
extensive nanoparticle formation in the bulk o f 
the film. The silvered surface is at the bottom 
of the image at right.
Conclusion.
Two novel processes have been described which are useful for the fabrication of 
surface-metallized dielectric substrates, most notably silvered polyimides. In the first, 
commercially available permanent marking inks are utilized to bind with complete 
selectivity nanoparticulate silver to the surface of several dielectrics, including glass, 
epoxy circuit board substrate, and polyimide. In the embodiment comprising small (ca. 
10 nm) silver nanoparticles, sintering temperatures as low as 75 °C, and no higher than 
125 °C, afford a silver layer possessing conductivity within a factor o f three o f bulk 
polycrystalline silver. Adhesion of the silver is often excellent after the modest thermal 
treatment. This approach is rapid and facile, and could be applied to the ink-jet printing 
o f silver circuitry in a two-stage process, wherein patterns are printed of marking ink and 
metallized after the ink had dried.
In the second technique a novel copolyimide incorporating solubility, low 
absorption in the visible region, and a dangling carboxylic acid group is metallized by 
doping with silver(I) and reducing said silver(I) to a metallic surface layer with a 
chemical reductant after solvent depletion. This 6FDA/0.5 4,4'-ODA-0.5 DABA 
copolymer retains the notable properties o f the polyimide class, and specifically o f the 
fluorinated polyimides. Upon reduction with aqueous N 2H4 H2O or N FfO H , silver(I) 
concentrations as low as 4 wt % afford surfaces with bulk conductivities within an order 
o f magnitude o f pure silver, and absolute reflectivities as high as ca. 85 %. Adhesion of 
the silver layer is unfailing. This process is particularly useful for dip, spray, or print 
(screen or ink-jet) fabrication o f conductive and reflective surfaces, coatings, and 
patterns. Thus, two new processes for surface silvering polyimides have been described.
- 8 9 -
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Appendix A: The Scotch® Tape Test for Adhesion.
I  Introduction to the Scotch® Tape Test.
ASTM D3 3 59-08 describes the well-known and widely used qualitative test of 
adhesion known colloquially as the Scotch® Tape Test (STT). This standard replaced the 
similar ASTM D3 3 59-07 in February o f 2008; both o f these tests primarily recommend 
use for thin films on metal substrates. In 2007, we published a modified version of the 
common test specifically applicable to metal surfaces on plastic substrates, in which 
electrical or thermal conductivity o f the surface is o f primary in te rest.1 We describe 
herein our formulation o f the STT.
The STT generally bears on the qualitative comparison o f adhesion across various 
substrates and adhesives. Because o f a robust need for the rapid evaluation of a variety 
o f surfaces and adhesives, not all of which can be loaded into equipment appropriate to 
make quantitative measurements of adhesion (due to geometry, location, cost, or other 
such factors), the STT remains an industry standard.
II. Theory behind the STT.
The STT simply and effectively measures qualitative adhesion by attaching a 
transparent adhesive from 3M to the test later, and determining whether the layer adheres 
better to its adhesive or the pressure-sensitive transparent tape. In the case o f adhesive 
failure o f the binding agent, adhesion is judged substandard. In the alternative case, that 
o f adhesive failure o f  the Scotch® Tape, the adhesion o f the layer is judged sufficient.
1 Davis, L. M.; Thompson, D. W. “Novel and Facile Approach to the Fabrication o f  Metal-Patterned 
Dielectric Substrates,” C h e m . M a te r . 2 0 0 7 ,19, 2299-2303.
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Note that this qualitative measurement does not distinguish between very high adhesions. 
Note also that gradations may be added to the visual evaluation to evaluate more 
precisely the nature o f the adhesive.
III. Operation o f  the STT.
W ithout pre-treating the adhered metal surface by crosshatching, a strip o f 3M 
Scotch® Tape is applied and pressed down firmly. Subsequent removal o f the tape at 
moderate speed (i.e., the tape is not jerked off, and is not peeled so slowly as to dissipate 
forces considerably) allows for analysis according to these visual criteria. Adhesion may 
be rated from “Zero” to “Excellent” (or alternatively from 0 to 4, although this may cause 
confusion with ASTM D3359-08, which rates the crosshatched surface from 0 to 5 based 
on the percentage o f squares removed by the transparent adhesive). “Zero” adhesion is 
demonstrated when all o f the metal comes o ff with the tape. “Poor” adhesion is 
demonstrated when a large amount o f the metal comes o ff with the tape, interrupting the 
conductivity o f the surface. “Fair” adhesion is demonstrated when a moderate amount of 
metal comes o ff with the tape, visually disturbing the surface, but not interrupting 
conductivity. “Good” adhesion is demonstrated when only a superficial amount o f metal 
comes o ff with the tape. “Excellent” adhesion is demonstrated when no metal comes off.
I f  relevant, tape can be applied in the primary direction o f metal application 
(longitudinally), or perpendicular to that direction (transversely). These terms and 
techniques may also be used to describe asymmetrical geometries o f metallization, e.g., 
rectangular or oval. If  these terms might be applicable, testing in both directions is 
highly recommended.
Procedure revised 7/8/08.
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Appendix B: Surface Resistivity using the Lucas Signatone SYS-301 Four-Point 
Probe.
I. Theory Behind Four-Point Probe
A four-point probe (FPP) operates by running current (I, units o f amperes) 
through a sample and measuring the electric potential, or voltage (V, units o f volts), 
required to maintain that current. A ratio of these two values describes the surface 
resistance, R:
R = V / I  units: ohms (1.1)
This value relates to the surface resistivity, ps, of the material by a constant, c, which 
depends on the geometry o f the probes and o f the surface being probed:
ps = R  • c units: ohms (though usually written ohms/square) (1.2)
The bulk resistivity o f the material, p, is the product o f the surface resistivity and the 
thickness, h:
p = ps • h units: ohms • meters (1.3)
Another formulation o f the bulk resistivity relates the resistivity to the cross-sectional 
area, A, and the length, 1, o f a three-dimensional object like a wire:
p = R • A /1 (1.4)
Thus, by assuming a rectangular prism and combining 1.3 with 1.4, we see that:
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ps = (V ■ w) / (I • 1) (1.5)
for a cross-sectional width w  = A / h. From this formulation it can be demonstrated that 
the surface resistivity measurement does not depend on the probe geometry (except as 
pertains to the constant, c, in equation 1.2).
II. Setup of FPP
The four-point probe requires one constant-current source and two digital 
multimeters (DMMs) to be used effectively. One DMM is used as an am meter1, and the 
other DMM  is used as a voltmeter. The Lucas Signatone SYS-301 FPP uses a linear 
array, meaning that the probes are evenly spaced in a straight line. The machine works 
by running a known current through the two outer probes and measuring the voltage 
across the two inner probes.
The DMM  to be used as a voltmeter should be placed across the two inner probes; 
this is done by attaching it to the red wires at the back o f the four-point probe. On this 
machine, these two wires are in the middle. Black jum per wires, labeled with yellow tape, 
provide a convenient attachment method for a DMM with alligator clips on the leads.
The DMM to be used as an ammeter and the current source should be attached in 
series to the other pair o f probes. This is accomplished by attaching them to the two 
black, and outermost, wires at the back o f the four-point probe. Black jum per wires 
labeled with green tape provide a convenient attachment method for a lead from the
1 A constant-current source with a digital readout can be substituted for an analog constant-current source 
and the ammeter.
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current source and a lead from the ammeter. The remaining two leads (one from each 
device) should be attached to each other.
A wiring schematic o f the probe looks like this:
Current
Source
v v v v
Sample
III. Precautions
1. The four points o f this probe are made o f tungsten carbide; they are very brittle.
a. Be gentle when raising and lowering the probes.
b. Do not bump the probes with the sample.
c. Verify that the probes are raised before inserting or removing the sample.
d. Do not move the sample with the probes lowered.
e. Do not lower the probes farther than necessary.
2. Because most o f  the samples one measures with a four-point probe are thin and 
resistive, they often heat up quickly. Heating the sample can alter the resistivity o f the 
sample, or damage the sample.
a. Do not leave the current source on for longer than necessary.
b. Keep the current as low as possible. A current with the same numerical value 
as c (from equation 1.2) is ideal; this will generally be around 4.5 mA.
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3. Electrical equipment can be damaged by shorting out a circuit; sample readings can 
also be affected.
a. Ensure that the four-point probe is set up (see II, above) correctly prior to using
it.
b. Verify that none o f the leads are touching each other at the jum per wires.
4. There are numerous components to this system, and the failure or incorrect setup of 
any component may cause inaccurate readings.
a. Verify that the device is in proper working order using a standard sample, 
preferably a sheet o f indium tin oxide on poly(ethylene terephthalate) (ITO on 
PET).
IV. Operation
1. Read over the Precautions (III, above).
2. Turn on the digital multimeters; the current one should be used as an ammeter, and set 
to an appropriate range (in mA). The voltage one should be used as a voltmeter, and set 
to an appropriate range (in mV).
3. After verifying that the probe head is raised (the probes are not touching the Teflon 
disk, and the handle is rotated as far counterclockwise as possible), insert the sample.
4. Lower the probe head by turning the handle clockwise. The probes are spring-loaded; 
when they begin to retract into the head, the probe is low enough.
5. After verifying that it is set to an appropriately low setting, turn on the constant current 
source.
6. Record the readings from the ammeter and voltmeter.
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7. The sheet or surface resistivity, ps, can be found by combining 1.1 and 1.2, or:
ps = ( V / I ) * c  (IV. I)
where V is the voltage, I  is the current, and c is the scaling constant that converts 
resistance to resistivity for the sample. It depends on the size and shape o f the sample. 
For an infinite sheet, c = n /ln (2 )  = 4.5324.
V. Operation of the Signatone FPP in Its Current Setup
Follow the procedure in Operation (IV, above). The range for the ammeter is 20 
mA. The range for the voltmeter will vary depending on the resistivity of the sample; 
start at 200 mV (the most precise reading available) and work up as necessary.
The constant c for a rectangular sample depends on where the probes are placed 
on the sample . Deviations in c from the infinite sheet value o f 4.5324 result from 
projecting the sample rectangle onto the complex plane, to convert it to an infinite sheet, 
and evaluating for the appropriate conversion factor. The table below lists conversion 
factors for using a 2.7 x 4.6 cm glass petrographic slide as the substrate for the sample. 
Our probe spacing, S, is 1.016 mm. In the table, a is the length o f the sample (4.6 cm); d 
is the width o f the sample (2.7 cm); b is the distance along the long side o f the center of 
the probe from the center o f the sample; and c is the distance along the short side of the 
center o f the probe from the center o f the sample. The diagram below illustrates these 
variables.
2 Logan, M.A. S h e e t  R e s is tiv ity  M e a su re m e n ts  on  R e c ta n g u la r  S u r fa c e s — G e n e r a l S o lu tio n s  f o r  F o u r  P o in t  
P ro b e  C o n v e r is o n  F a c to rs . The Bell System Technical Journal, vol. 46, no. 10, p. 2277-2322 (1967).
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s c :
; f
c
d
after Logan, M. A. Sheet Resistivity Measurements on Rectangular 
Surfaces— General Solutions for Four Point Probe Converison Factors.
The Bell System Technical Journal, vol. 46, no. 10, p. 2277-2322  
(1967). Figure 6, p. 2285
The values in this table are calculated by a logarithmic interpolation from the 
tables in Logan’s 1967 article. The variables a, b, c, and d are all as shown above.
b/a
0 0.1 0.2 0.3 0.4
0 4.4776 4.4773 4.4758 4.4660 4.3662
0.1 4.4729 4.4727 4.4708 4.4489 4.3632
c/d 0.2 4.4554 4.4545 4.4516 4.4394 4.3486
0.3 4.4030 4.4017 4.3958 4.3785 4.2938
0.4 4.1671 4.1656 4.1581 4.1335 4.0272
0.5 2.2584 2.2575 2.2550 2.2455 2.1876
The same table, with the ratios b/a and c/d converted to millimeters from the center of the 
sample:
distance from center along long side (mm)
0 4.6 9.2 13.8 18.4
distance
from
center
along
short
side
(mm)
0 4.4776 4.4773 4.4758 4.4660 4.3662
2.7 4.4729 4.4727 4.4708 4.4489 4.3632
5.4 4.4554 4.4545 4.4516 4.4394 4.3486
8.1 4.4030 4.4017 4.3958 4.3785 4.2938
10.8 4.1671 4.1656 4.1581 4.1335 4.0272
13.5 2.2584 2.2575 2.2550 2.2455 2.1876
The next two pages each comprise a diagram of a single 27 mm x 46 mm petrographic
slide, with the points in the two above tables illustrated and labeled. These tables provide
- 106-
a handy reference for making sheet resistivity measurements with the four-point probe. 
The first page has every point on the slide labeled; for clarity, the second page has only 
one quadrant o f the slide labeled. Following these two pages is a third page, designed for 
instances when the slide must be taped down by its edges, reducing the conductive area.
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R ___ X ____ DD
L.0 nun 16 mrii 92 mm 13.8 mm 13.1 mm 230 lliln 27.6 mill 322 mm 3*5.8 mm ll.lmm
Whole petrographic slide:
Location ConversionFactor Location
Conversion
Factor
A 4.4776 P 4.3958
B 4.4729 Q 4.1581
C 4.4554 R 2.2550
D 4.4030 S 4.4660
E 4.1671 T 4.4489
F 2.2584 U 4.4394
G 4.4773 , V 4.3785
H 4.4727 w 4.1335
1 4.4545 X 2.2455
J 4.4017 Y 4.3662
K 4.1656 z 4.3632
L 2.2575 AA 4.3486
M 4.4758 BB 4.2938
N 4.4708 CC 4.0272
O 4.4516 DD 2.1876
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27.0 mm
24.7 mm 
21 & mm
18.0 mm 
162 mm 
13 B mm 
IQS mm 
3.1 mrii 
5.4 mm
2.7 mm 
0.0 mm
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li L
k -
c
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J ii |M I i
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E ----  K ----  Q ---- w  -----  C
1 1 i 
- ___  I ___  R X ___  D
' rt
gI
[ c
. D
Q.Q mrn 4.6 mm I8.4mm 230mm 27.6 mm 322mm 36.8mm 4l.4mm 4>3.c> imti
Whole petrographic slide:
Location ConversionFactor Location
Conversion
Factor
A 4.4776 P 4.3958
B 4.4729 Q 4.1581
C 4.4554 R 2.2550
D 4.4030 S 4.4660
E 4.1671 T 4.4489
F 2.2584 U 4.4394
G 4.4773 V 4.3785
H 4.4727 W 4.1335
1 4.4545 X 2.2455
J 4.4017 Y 4.3662
K 4.1656 Z 4.3632
L 2.2575 AA 4.3486
M 4.4758 BB 4.2938
N 4,4708 CC 4.0272
O 4.4516 DD 2.1876
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For taping a rectangle to a slide:
Apply 1 mm tape to the long (46 mm) sides, and 1.7 mm tape to the short (27 mm) sides. 
This keeps the geometry o f the slide the same. The correct values for the conversion 
factors become those tabulated below. F, L, R, X, and DD are covered by the tape.
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27 jj mm 
21.7 mm 
21.6 mill 
16.9 mm 
162 Inin 
13,5 mm 
10.? nun 
8.1 nun 
5. Jin in 
2.7 rum 
0.0 mm
0.0 mm
DD ------
1
x  —  
1
R
1
L
I
F
1
L
1
R
1
X ------ DD
|1
CC ------
j
1n.
1
K ------
l
1
E
1
1
Y 1 W
1
1
------ CC
1
w
1 1 1 1
BB ------
1
1
v  -------
1
1
P -------
1
1 1
D
1
1 1
P ------
1
1
V
1
------ BB
11
AA -----
1
1
u ------
1
1
0  —
1
1 1
C
1
1 1
0  —
1
1
u
1
1
------ AA
11
Z ------
1
1
T -------
1
1
N ------
l
1
H -----
1
1
B
I I
1
N ------
1
1
T
1
1
------ Z
11
1
1 1
M ------
|
1
G -----
1
1
A
I
1 1
M -----
I
1 1
-----  Y
1
i  - ■ 
| 1 l1
Z ------
1
I
1
1
N ------
l
1
H ---
1
1
B
1
1
1
1
N ----
l
1
T
1
1
---- Z
11
AA ---
l
1
u ----
1
0  —  
1
1 1
C
I
1 1
0  —
1
1
U
i
1
------ AA
11
BB ------
1
1
v  -------
1
1
P ------
1
1 1
D
1
1
i
1
P -----
1
1
V
1
1
-------  BB
11
CC ------
1
w  —
1
Q ----
1
K ----
1
E
1 1
Q ---- 1w
1
---- CC
DD ___
i  >3 mm
1
X
92mm
1
R ___
136 Him
1
L ----
18.i  mm
1
F
23.1
1
j inin 27 6  mm
1
R ___
322 mm
X ___  DD
36.8 mm ii.itl nnn 16.0 mm
and 1.7 mm on long sides:
Location ConversionFactor Location
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Factor
A 4.4711 P 4.3798
B 4.4658 Q 4.1173
C 4.4463 R —
D 4.3878 S 4.4581
E 4.1273 T 4.4381
F — U 4.4283
G 4.4707 V 4.3605
H 4.4656 W 4.0900
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J 4.3863 Y 4.3462
K 4.1256 Z 4.3429
L — AA 4.3266
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N 4.4634 CC 3.9721
O 4.4420 DD —
- 109-
VI. Images
Probe head raised; handle fully counterclockwise.
Probe head lowered.
P r o c e d u r e  r e v is e d  7/8/08.
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Appendix C: Reflectivity using the Perkin-Elmer Lambda 35 Spectrometer. 
I. Theory Behind Spectrometer
Using the spectrometer for our purposes is very simple. It treats the machine as a 
light source combined with a photometer. The intensity o f light measured by the 
photometer divided by the intensity o f light output by the source gives the reflectivity o f 
the sample:
%R — m^easured ! Isource (id)
In order to measure the reflectivity o f a sample, we calibrate the machine using a 
polished aluminum mirror (absolute reflectivity: 92%). Then our measurement is relative 
to a known value.
II. Setup of the Spectrometer
In order to measure the reflectivity, we must remove the standard module (used 
for absorbance and % transmission), and insert the % reflectivity module. To do this, you 
will need a Phillips-head screwdriver, or a small flat-head.
1. Get to the standard module.
a. Lift the sample chamber cover, on the right-hand side o f the spectrometer.
b. Use the screwdriver to remove the plate at the front, by removing the two
screws holding it in place (see Picture la  in Pictures, V, below).
2. Remove the standard module.
a. Loosen the two thumbscrews on the standard module (Picture lb).
b. Lift out the standard module.
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3. Insert the %R module.
a. Place the standard module in the sample chamber, lining up the two
thumbscrews with two screw holes. The nubs should seat in the module.
b. Tighten the two thumbscrews (Picture 2a).
4. Set the angle.
a. Loosen the small, gray thumbscrew on top o f the module 14 a turn (Picture 2b).
b. Turn the angle dial to an appropriate value (usually 20°).
After calibrating the computerized capture program, and measuring the reflectivity o f the 
sample (see Operation, IV, below), reverse steps 3, 2, and 1 to return the spectrometer to 
its original configuration.
III. Precautions
1. Touching the front surface o f a mirror reduces the reflectivity o f the mirror.
a. Do not touch the surface o f the mirrors inside the %R module.
b. Do not touch the surface o f  the standard mirror.
c. Do not touch the surface o f  your sample.
2. Stray light entering the sample chamber results in the photometer giving falsely high 
readings.
a. Turn out the lights, if  possible.
b. Shield the sample chamber from light with your hand free hand or a cloth.
IV. Operation
1. Read over the Precautions (III, above).
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2. Boot up and log on to the computer.
3. Set up the percent reflectivity module, as described in Setup (II, above).
4. Use the shortcut on the desktop to open the Lambda 35 program (C:/UVWINLAB).
5. When the dialog box appears, go to Application.
6. Select Manual from the drop-down menu.
7. Set up the calibration by entering the following values (Picture 3):
a. W avelength = 531.0 nm
b. Step size =1 . 0  nm
c. Mode = %R
d. Response = 1 s
e. Lamp UV = off
f. Lamp VIS = on
g. Slit = 2.0 nm
h. Autozero = At current wavelength
8. Hold the standard mirror up to the module, pressing the surface lightly against the
three points highlighted with white marks (Picture 2c).
9. Blocking as much light w ith your free hand as possible, press F6 or click the Autozero
button on the toolbar.
10. Allow the value at the bottom of the screen to stabilize. I f  this does not occur, 
lengthen the response time or shorten the slit and try again.
11. If the stable value is not 100%, repeat steps 9-11.
12. Once the machine is calibrated, remove the standard mirror.
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13. Measure your samples by pressing them one at a time against the three nubs in 
the %R module.
14. Wait for the value to stabilize, then record it.
15. Close the program and return the sample chamber to its normal configuration, as 
described in Setup (II, above).
V. P ictures
Picture 1
a. Loosen these two 
screws to take the 
front plate off.
b. Loosen these two 
thumbscrews to 
remove the standard 
module.
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Picture 2
a. Tighten these 
two thumbscrews.
b. Loosen this 
thumbscrew !4 a 
turn, then turn the 
angle dial to set 
the desired value.
c. Press the sample 
gently against 
these three nubs.
They are 
highlighted with 
white-out.
PS Ulf WifiLafe
Lambda M anual C ontrol
Wpfcx, Application Oata-.tonJir.i
Setup
. AUTOZERO
- ■ ' S ‘ ■ ■ ■
#  At current wavelength
J  From 1 ■' j nm to I ;
I- - - - - - - - - - - - - - - - - - - - - - - - - - - 71Scan speed : V___________ nm/mtn
Click Autozero in the tool baf or press FG to start
Picture 3
The settings 
should match 
these. The %R 
is displayed at 
the bottom of 
this window.
P ro c e d u r e  r e v is e d  6 /29 /07 .
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Appendix D: U.S. Patent Application no. 11/950,475, aesthetically superior draft
Last revised October 15, 2007
Title
Patterned and continuous surface-metallized polymer structures
Abstract
A process coupling polymers and metal compounds in intimate composition
for fabricating completely or partially surface-metallized and/or near-surface-
metallized polymer-metal composite structures (structures encompassing films,
coatings, devices, motifs, and such like) having varying geometric dimensions and
combinations o f electrical conductivity and optical reflectivity is disclosed. The
supporting component o f the surface-metallized and/or near-surface metallized-
composite films is a flexible polymer layer generally on the order o f 10 to 100
microns (but not limited to this range) in thickness. This supporting component may
or may not contain impregnated isolated nanometer-sized metal particles or metal
ions, and supports a surface and/or near-surface phase that is a metal layer with
thicknesses generally on the order o f 5 to 100 nanometers (but not limited to this
range). The disclosed process with varying polymer-metal compositions is
particularly germane to:
1) the synthesis o f silver ion (but not limited to this metal ion)-containing
polymer compositions that can be cast into films and subsequently developed
with a chemical reducing agent into a conductive metal surface and/or near-
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surface layer on a flexible polymer foundation (the foundation being a polymer 
with non-contacting nanometer-sized metal particles or ions distributed 
throughout, or a polymer free o f metal ions or particles); alternatively, the metal 
ion-containing films can be processed by combinations o f patterning, leaching, 
etching, and development techniques into electrically conducting metallized 
pathways, contacts, and pads on a polymer base, or into decorative shapes and 
motifs;
2) the synthesis o f silver ion (but not limited to this metal ion)-containing 
compositions which can be processed (that is, brushed, sprayed, dip-coated, 
wrapped, or otherwise applied) onto articles, devices, or structures and 
subsequently developed with a chemical reducing agent to give a metallic surface 
which functions as an electromagnetic radiation shield, a static charge-dissipating 
coating, a reflective film or coating, an anti-infective coating, or a decorative 
coating;
3) the synthesis o f silver ion (but not limited to this metal ion)-containing 
compositions that can be ink-jet, screen, syringe, or otherwise printed as patterns, 
and which can be subsequently developed by a chemical reducing agent into 
electrically conductive circuits, contacts, and pads or decorative motifs.
Claims
We claim:
1. A process that leads to the formation o f a full or partial surface and/or near-surface 
layer o f metal on a polym er film, coating, device, or object by chemical reduction to
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native metal o f an embedded metal ion, derived from a metal ion-containing 
compound, the metal ion being homogeneously dispersed, that is, dissolved and 
unaggregated, in the polym er precursor-to-metallization film, coating, device, or 
object.
2. The process o f claim 1 wherein the precursor-to-metallization film, coating, 
device, or object is prepared from a solution, obtained with compatible solvent, 
containing both a polymer and a positive valent metal ion-containing compound; or 
from a polymer, or an oligomer to be further polymerized or crosslinked by 
appropriate curing, and a positive valent metal ion-containing compound without a 
solvent.
3. The process o f claim 1 wherein the positive valent metal ion in the precursor-to- 
metallization film, coating, device, or object is in an amount from one tenth weight 
percent, calculated by considering only the metal ion and polymer, to a maximum 
weight percent metal ion limited by the extent o f the metal ion compound solubility in 
the polymer.
4. The process o f claim 1 wherein the positive valent metal ion is derived from silver, 
copper, palladium, platinum, gold, and other metal compounds where the metal ion 
has a standard reduction potential greater than that of copper 2+ going to copper metal 
at 0.34 volts.
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5. The process o f claim 1 wherein the positive valent metal ion compound is present 
with either coordinating or non-coordinating anions to maintain electrical neutrality, 
and at times with additional neutral molecules as ligands.
6. The process o f claim 5 wherein the coordinating anions comprise beta-diketonates, 
carboxylates, or sulfonates.
7. The process o f claim 6 wherein the beta-diketonates comprise l,l,l-trifluoro-2 ,4- 
pentanedionate, 1,1,1,5,5,5-hexafluoro-2,4-pentanedionate, 6,6,7,7,8,8,8-heptafluoro- 
3,5-octanedionate, 3-cyano-2,4-pentanedionate, (4,4,4-trifluoro-l-(2-thienyl)-l,3- 
butanedionate, or such like.
8. The process o f  claim 6 wherein the carboxylates comprise anions as acetate, 
benzoate, trifluoroacetate, perfluoropropionate, and such like.
9. The process o f claim 6 wherein the sulfonates comprise methane sulfonate, 
trifluoromethane sulfonate, and such like.
10. The process o f claim 5 wherein the non-coordinating anions comprise nitrate, 
perchlorate, hexafluorophosphate, tetrafluoroborate, and such like.
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11. The process o f claim 5 wherein the additional neutral molecules as ligands 
comprise organoamines, organophosphines, organothiols, organodisulfides, 
unsaturated hydrocarbons, or mixtures thereof.
12. The process o f claim 11 wherein the amines comprise pyridine, triethylamine, and 
such like.
13. The process o f claim 11 wherein the organophosphines comprise 
trimethylphosphine, tri(trifluoromethyl)phosphine, triphenylphosphine, and such like.
14. The process o f claim 11 wherein the organothiols comprise hexanethiol, 
dodecanethiol, phenylthiol, and such like.
15. The process o f claim 11 wherein the organodisulfides comprise dimethyldisulfide, 
dihexyldisulfide, and such like.
16. The process o f claim 11 wherein the unsaturated hydrocarbons comprise 
norboradiene, 1,5-cyclooctadiene, 1,3-butadiene, and such like.
17. The process o f claim 2 wherein the polymer phase in the solution is typically 1 to 
50 wt. %, but not limited to this range, calculated considering only two components, 
the final processed form o f the polymer and the solvent.
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18. The process o f claim 2 wherein the polymer in the solution is a poly(amic acid), a 
soluble polyimide, a mixture o f a poly(amic acid) and the corresponding derived 
polyimide obtained via thermal or chemical cycloimidization o f the poly(amic acid), a 
poly(amic acid ester), or other soluble polymers which allow a positive valent metal 
ion compound to dissolve therein giving a homogeneous dispersion of the metal ion 
throughout the polymer.
19. The process o f claim 18 wherein the polymer chain has periodic pendant 
hydrophilic groups.
20. The process o f claim 19 wherein the periodic pendant acid groups comprise 
carboxylic acid, sulfonic acid, or such like groups.
21. The process o f  claim 19 wherein the periodic pendant hydrophilic groups 
comprise sulfonate, carboxylate, or such like groups.
22. The process o f claim 18 wherein the mixture o f a poly(amic acid) and its imidized 
form comprises such commercially-available polymers as Torlon AI 10 and Torlon 
4000T.
23. The process o f claim 18 wherein a poly(amic acid), poly(amic acid)/polyimide 
mixture, or polyimide to be used in a solution is generated by allowing one or more
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organic diamines to react with one or more organic dianhydrides in a compatible 
solvent.
24. The process o f claim 23 wherein for the poly(amic acid)s and precursor poly(amic 
acid)s the dianhydride is selected from the group consisting o f 3,3',4,4'- 
benzophenonetetracarboxylic dianhydride, 4,4'-oxydiphthalic anhydride, 3,3',4,4'- 
biphenyltetracarboxylic dianhydride, 2,2-bis(3,4-dicarboxyphenyl) hexafluoropropane 
dianhydride, pyromellitic dianhydride, and related aromatic and aliphatic 
dianhydrides.
25. The process o f claim 23 wherein for the poly(amic acid)s and precursor poly(amic 
acid)s the diamine is selected from the group consisting o f 4,4'-oxydianiline, 1,3- 
diaminobenzophenone, 1,3-bis(3-aminophenoxy)benzene, 2,2-bis[4-(4- 
aminophenoxy)phenyl] hexafluoropropane, 3,5-diaminobenzoic acid, and related 
aromatic and aliphatic diamines.
26. The process o f claim 23 wherein the compatible solvent is selected from typical 
organic solvents such as dimethylformamide, dimethylacetamide, N- 
methylpyrrolidinone, bis(2-methoxyethyl) ether, 2-methoxyethanol, tetrahydrofuran, 
dimethylsulfoxide, acetone, ethyl methyl ketone, and such like.
27. The process o f claim 1 wherein films, coatings, devices, or objects are fabricated 
by techniques such as spin casting, blade drawing, brushing, spraying, dipping, curtain
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coating, immersing, or printing the polymer solution, which contains a soluble metal 
ion compound, onto glass, ceramic, metal, polymer, or composite substrates, devices, 
and articles.
28. The process o f claim 27 wherein the casting surface may be modified to improve 
adhesion by chemical, ion beam, or other etching techniques.
29. The process o f claim 1 wherein films, coatings, devices, or objects are placed in a 
low humidity, flowing air atmosphere for several hours and/or are heated over varying 
time and temperature programs to a final temperature between 20 and 200 °C to 
remove solvent before subjecting the metal ion-containing films, coatings, devices, or 
objects to chemical reductive development treatments to yield metallized surfaces in 
full or in part.
30. The process o f claim 1 wherein the metal ion-containing film, coating, device, or 
object is chemically developed to a fully, continuously metallized surface by reducing 
the silver ions to the native metal using a chemical reducing system.
31. The process o f claim 30 wherein the reducing agent comprises aqueous, alcohol, 
or other solutions o f hydrazine, alkyl and aryl hydrazines, hydroxyl amine, alkyl and 
aryl hydroxyl amines, sodium borohydride, stannous chloride, hydroquinone, sodium 
sulfite, metol, sodium hypophosphinite, other soluble chemical reducing agents, or 
mixtures thereof.
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32. The process o f claim 31 wherein the reducing agent comprises the vapors o f the 
volatile chemical reducing agents and any associated solvents.
33. The process o f claim 1 wherein the surface of a metal ion-containing film, 
coating, device, or object is modified and activated by pre-treatment with aqueous 
ammonia, a derivative o f ammonia in water, aqueous thiosulfate, or aqueous cyanide 
solution before chemical reduction, to facilitate such reduction.
34. The process o f claim 1 wherein the chemically developed, fully metallized 
surface is patterned by the ink-jet, screen, syringe, or otherwise printing of a masking 
agent, etched with an etching solution to remove unmasked metal, and then washed to 
remove the mask and expose the metal pattern or motif.
35. The process o f claim 34 wherein the masking agent, used with or without 
additional appropriate solvent, is the ink o f a commercially available permanent 
marking pen, printing ink, pen ink, an alkane thiol, a dialkyl sulfide, an alkyl amine, 
or a polymer.
36. The process o f claim 35 wherein the commercially available permanent marking 
pen comprises Sanford Sharpie, Staedtler Lumocolor, BIC Mark-It, or such like.
37. The process o f claim 35 wherein the alkane thiol comprises hexadecanethiol, 
dodecanethiol, hexanethiol, and such like.
38. The process o f claim 35 wherein the dialkyl sulfide comprises 
methyldodecylsulfide, dimethylsulfide, and such like.
39. The process o f claim 35 wherein the alkyl amine comprises dodecylamine, 
hexadecylamine, and such like.
40. The process o f claim 35 wherein the polymeric masking agent is 
polyvinylpyrrolidinone, poly(methylmethacrylate), or such like.
41. The process o f claim 35 wherein the metal etching bath comprises one such as 
that supplied by Transene, Inc., Danvers, MA -  “PC copper etchant,” “ 100 palladium 
etchant TFP,” “silver etchant TFS,” and such like.
42. The process o f claim 35 wherein the washing solution comprises ethanol, acetone, 
or other solvents in which the mask but not the polymer base is soluble.
43. The process o f claim 1 wherein the undeveloped metal ion-containing polymer 
film, coating, device, or object is patterned by the ink-jet, screen, syringe, or otherwise 
printing o f a masking agent.
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44. The process o f claim 43 wherein the unmasked portion o f the metal ion- 
containing polymer film, coating, device, or object is submitted to a leaching bath to 
remove unmasked metal ion.
45. The process o f claim 44 where the leaching baths include molecules and ions that 
form complexes with the polymer-embedded metal ions and include aqueous or 
organic solutions o f ammonia, dimethyl sulfide, thiosulfate ions, cyanide ions, and 
such like.
46. The process o f claim 45 where the leached films, coatings, devices, or objects are 
washed free o f  the masking agent to expose the metal ion-containing polymer areas.
47. The process o f claim 46 where the films, coatings, devices, or objects are then 
developed to the metallized patterns with reducing agents comprising aqueous alcohol 
or other solutions o f hydrazine, alkyl and aryl hydrazines, hydroxyl amine, alkyl and 
aryl hydroxyl amines, sodium borohydride, stannous chloride, hydroquinone, sodium 
sulfite, metol, sodium hypophosphinite, other soluble chemical reducing agents, or 
mixtures thereof.
48. The process o f claim 1 wherein after the development and exposure o f a 
metallized surface in full or in part, the film may be subsequently heated between 250 
and 300 °C to fully imidize a poly(amic acid)-containing composite metallized film, or 
the developed film is covered with a thin layer of the corresponding poly(amic acid),
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and is heated between 250 and 300 °C to encapsulate the metallic pattern in the fully 
imidized form o f the base polymer.
49. The process o f claim 1 wherein the final metallized patterns are electroplated or 
electrolessly plated with additional copper, silver, gold, or other metals to enhance 
electrical and optical properties.
50. The process o f claim 1 where a reducing agent, neat or in solution, is ink-jet, 
screen, syringe, or otherwise printed onto the polymer precursor-to-metallization film, 
coating, device, or object.
51. The process o f claim 50 where after reduction to metal at the printed sites, excess 
reducing agent and solvent are washed from the film with water, ethanol, or such like.
52. The process o f claim 1 wherein a neat, undoped polymer film, coating, device, or 
object is patterned by the ink-jet, screen, syringe, or otherwise printing o f the 
undeveloped metal ion-containing precursor-to-metallization polymer solution.
53. The process o f claim 52 wherein the undeveloped metal ion-containing precursor- 
to-metallization polym er pattern is treated with a reducing agent to produce a 
metallized pattern or motif.
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54. The process o f claim 1 wherein the resultant metallized film, coating, device, or 
object is heated to a temperature sufficient to thermally reduce any remaining metal 
ions to small, immobilized native metal clusters.
55. The process o f claim 1 wherein the metal surface exhibits adhesion which is 
superior to the adhesion achieved by vapor deposition and electroless deposition of 
passive metals on neat polymer surfaces.
Field o f the Invention 
The field o f  the invention relates to the fabrication o f surface-metallized, in 
full or in part, polym er substrates in final form as films, coatings, devices, and objects.
The invention provides processes to fabricate: 1) metallic electrical circuits, 
contacts, and pads on dielectric platforms, 2) metallic antennas on and embedded in 
dielectric materials, 3) metallic coatings and housings for electromagnetic shielding,
4) electromagnetic radiation reflective metallized films (mirrors) on flexible dielectric 
bases, 5) anti-static, charge dissipative coatings, 6) anti-infective coatings, 7) 
decorative objects, and 8) reflective metallic interiors o f hollow waveguides.
Background of Related Art 
Surface-metallized polymer films are prepared by two dominant approaches:
1) physical metal vapor deposition and 2) electroless metal deposition, both onto the 
top o f a film. These processes require at least two distinct and separate stages: 1)
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preparation o f the polymer film, and 2) subsequent deposition o f the metal. For 
passive or noble metals such as silver, palladium, and gold, the adhesion o f the metal 
to the polymer is always singularly inadequate.
An alternative polym er surface metallization protocol, not related to the 
process disclosed herein, for passive or noble metals such as silver and palladium 
giving excellent metal-polymer adhesion has been described by Thompson, et al. (D. 
W. Thompson, M. L. Caplan, and A. K. St. Clair, Reflective self-metallizing 
polyimide films. US Patent 5,677,418 (2000); R. E. Southward, D. W. Thompson, A. 
K. St. Clair, and D. M. Stoakley, Reflective silvered polyimide films via in situ 
thermal reduction o f silver(I) complexes, US Patent 6,019,926 (2002); R. E. 
Southward and D. W. Thompson, Adv. Mater. 11, 1043-47 (1999); R. E. Southward, 
D. S. Thompson, D. W. Thompson, and A. K. S. Clair, Chem. Mater. 11, 501-7 
(1999)) and Taylor et al. (A. F. Rubira, J. D. Rancourt, M. L. Caplan, A. K. St. Clair, 
and L. T. Taylor, Chem. Mater. 6, 2351-58 (1994)) which uses polymer-metal ion- 
solvent compositions similar to the ones described in this patent, but with a processing 
protocol distinctly different from the one described in this patent. These polymer- 
metal ion-solvent compositions were cast into films and then subjected to a processing 
protocol involving thermal treatment at temperatures reaching ca. 300 °C, near or at 
which temperature a metallized surface appears. The metal ion undergoes a thermally 
promoted reduction to the native metal within the heated polymer matrix. No external 
metal ion reducing agent, such as borohydride, hydrazine, ethylene glycol, 
hydroquinone, stannous chloride, or such like is added internally or externally. The
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polymers used in these thermally metallized film processes are in the poly(amic 
acid)/polyimide family. The surfaces realized in these thermally promoted polymer 
metallization processes exhibited combinations o f high specular reflectivity and/or 
high electrical conductivity. An electrically conductive surface was only realized 
when surface polyimide was oxidatively degraded to allow metal particles to 
aggregate at the surface. The metal at the surface of the thermally metallized films 
was strongly adhered to the polymer.
Another for surface metallization procedure for polyimides has been described 
by Akamatsu et al. (K. Akamatsu, S. Ikeda, H. Nawafune, and H. Yanagimoto, J. Am. 
Chem. Soc., 126, 10822-10823 (2004); S. Ikeda, K. Akamatsu, and H. Nawafune, 
Trans. Mater. Res. Soc. Japan , 28, 1267-70 (2003)) and Abadie et al. ( S.
Kudaikuova, O. Prikhodko, G. Boiko, B. Zhubanov, V. Y. Voytekunas, and M. J. M. 
Abadie, Polyimides and Other High Temperature Polymers, 2, 389-406 (2003)). In 
these investigations the surface of Kapton®, a polyimide film, was treated with high 
concentrations o f aqueous potassium hydroxide to convert surface imide groups to 
potassium amic-carboxylate groups. The film was then immersed in a silver(I) nitrate 
solution with potassium ions being exchanged stoichiometrically for silver(I) ions at 
the hydrolyzed surface polym er carboxylate functional groups. Treatment with the 
chemical reducing agents dimethylaminoborane and sodium borohydride produces a 
metallized film surface. In these processes the silver(I) ion is chemically bound to the 
number o f carboxylate groups formed by the hydrolysis reactions, i.e., no more than 
two carboxylate groups per polyimide repeat unit.
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A further procedure for metallizing polymer surfaces has been described by 
Chang et al. (T. C. Chou, J. Appl. Polym. Sci., 91, 270-273 (2004) and references 
therein to Chang et al.). This work dissolves silver nitrate, the only silver compound 
used, with a polymer— poly(vinyl alcohol), poly(amide imide)s, poly(vinyl acetate), a 
polyamide, a poly(acrylamide), or a polyurethane— in a solvent. A cast film was then 
treated with a reducing agent, most notably sodium borohydride, to develop a silvered 
surface.
The process disclosed here is not related to photographic development o f silver 
metal in that the disclosed process does not utilize electromagnetic radiation for 
reduction, polymer gels, or micron-sized or nanometer-sized or any crystalline silver 
halide or other crystalline silver salts embedded in a polymer phase.
The disclosure herein is a completely different, novel, and more flexible
approach than the Thompson et al., Taylor et al., Akamatsu et al., and Abadie et al.
protocols cited above for achieving polymer films, coatings, and devices which have a
silvered surface. First, the process disclosed here does not require heating films to ca.
300 °C, a temperature that is essential to bringing forth a metallic surface on the
polymer base by thermally decomposing surface polymer (Thompson et al. and Taylor
et al). Second, the process disclosed here does not require pre-treatment o f an existing
polymer film with a caustic base such as potassium hydroxide (Akamatsu et al. and
Abadie et al.). Third, the process disclosed here has the silver ion compound
contained in the polymer solution before any film is cast; there is no need for a ion
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exchange process to dope the surface with silver ions. Fourth, the concentration of 
silver ion in the polymer precursor to the final surface-metallized film in the disclosed 
process herein is controlled by the solubility of the silver(I) compound in the polymer 
solution or in the solvent-free polymer, which gives greater and simpler control over 
the amount o f silver at the surface; it is not controlled by the number o f available 
carboxylate groups as in the Akamatsu et al. and Abadie et al. work. Fifth, the 
process disclosed here is more versatile than the above mentioned metallization 
techniques in that the metal ion-doped polymer can be placed conformally as a film or 
coating about an object and then can be metallized with the film or coating in its 
conformal shape. Furthermore, the process disclosed herein is both different from and 
extends the observations o f  Chang et al. by invoking the presence o f a pendant acidic 
group, such as a carboxylic acid group, along the polymer chain to enhance silver ion 
mobility and thus allow the formation o f highly conductive and specularly reflective 
silvered surfaces at very low concentrations o f silver(I) in the polymer, concentrations 
on the order o f 2 wt. % silver. The Chang et al. work requires silver concentrations 
that are in the range o f 4-20 times more concentrated than employed in the work 
disclosed herein. Additionally, the process disclosed herein employees the uses of 
hydrazine and hydroxyl am ine as reducing agents for silver(I) dissolved in a polymer 
which generates only molecular nitrogen as a benign byproduct and hydrogen ion, 
which combines with the anion o f the initial silver(I) compound; when this anion is a 
ligand such as a beta-diketonate anion, the final metallized film is then free o f anions 
and cations which could adversely affect film performance in electrical applications. 
Compared with sodium borohydride, metal powders in protonic acidic solution,
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sodium in ethanol, and other chemical reducing agents o f Chang et al., hydrazine- and 
hydroxylamine-type reducing agents leave the final composite film free of metal ions 
such as sodium ions, hydrogen ions, nitrate ions, etc..
Summary o f the Invention 
The disclosed invention is a process for taking poly(amic acid)s, mixed 
poly(amic acid)-polyimides, polyimides and other polymers which have free 
carboxylic acid or carboxylate groups or sulfonic acid or sulfonate groups or other 
acidic groups, and making these polymers optically reflective and electrically 
conductive in such a manner that the polymers as films, coatings, devices, and objects 
can be used to produce: 1) metallic electrical circuits, contacts, or pads on dielectric 
platforms, 2) metallic antennas on and embedded in dielectric materials, 3) metallic 
coatings and housings for electromagnetic shielding, 4) electromagnetic radiation 
reflective metallized films (mirrors) on flexible dielectric bases, 5) anti-static, charge 
dissipative coatings, 6) anti-infective coatings, 7) decorative objects, and 8) reflective 
metallic interiors o f hollow waveguides.
The disclosed invention is a process that embodies efficiency and simplicity in 
producing surface-metallized films by adding silver(I) ions in various forms into a 
solution o f the afore mentioned polymers in a compatible solvent. The metal ion- 
polymer solution is then rendered to a film, coating, device, or object by techniques 
such as casting, spraying, immersing, brushing, printing, molding, and the like. As 
such these films, coatings, devices, and objects are then heated, subjected to vacuum,
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placed in the path o f flowing dry gas, or treated by other techniques to remove all or a 
significant amount o f solvent. The solvent-diminished films are then subjected to a 
chemical reducing agent in solution or as the vapor to reduce metal ions to the native 
metallic state with its concomitant properties o f optical reflectivity and electrical 
conductivity in various admixtures. Before treating with a reducing agent, the metal 
ion-doped films may be pretreated with a metal ion complexing agent such as 
ammonia, thiosulfate, cyanide, or such like to enhance formation of a metallic surface.
Detailed Description o f the Invention 
Fabrication o ffu lly surface-metallized film s (Figure 1, below).
Figure 1 schematically presents a route to fabricate a fully, that is, continuously, 
surface-silvered polymer film. The use o f the word “film” in the representative scheme 
o f Figure 1, and Figures 2-5 as well, is meant to be illustrative o f a process that could be 
applied alternatively to a variety o f polymer constructions including coatings, objects, 
devices, articles, and structures on which a silver surface is desired.
Polymer phases.
Implementation o f the fabrication route of Figure 1 involves selection of a 
polymer phase. First, a poly(amic acid) can be selected by synthesizing a poly(amic acid) 
from a dianhydride and a diamine in a compatible solvent as described and referenced in 
works such as Polyimides: Fundamentals and Applications, K. L, Mittal and M. K.
Ghosh, Marcel Dekker, New York, 1996; Polyimides, Eds. D. Wilson, and H. D. 
Stenzenberger, and P. M. Hergenrother, Blackie, London, 1990; G. Rabilloud, High-
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Performance Polymers, 2, Polyquinoxalines and Polyimides, Editions Technip, Paris, 
1999; C. E. Sroog, Polyimides, J. Polym. Sci. Macromol. Rev., 1976, 11, 161-208, the 
final poly(amic acid) viscosity suitable for casting and fabrication into free standing 
films. Poly(amic acid)s may also be copolymers obtained from mixtures o f dianhydrides 
and/or mixtures diamines allowed to react in a compatible solvent. Poly(amic acids) may 
also be purchased from commercial sources.
Second, a fully imidized and soluble polyimide polymer can be selected by 
chemical imidization o f a poly(amic acid) precursor using an acid anhydride and an 
organic amine or by thermal imidization o f a poly(amic acid) precursor. Polyimides may 
also be purchased from commercial sources. In the case o f fully imidized polyimide 
structures for metallized films according to the scheme outlined in Figure 1, the repeat 
unit or some fraction o f the repeat units must have one or more free, pendant carboxylic 
acid, sulfonic acid, or other acid groups, or the said acid groups converted to salts such as 
sodium, ammonium, and related salts obtained by neutralization o f the acidic moieties. 
Fully imidized and soluble polyimides may also be copolymers obtained from mixtures 
of dianhydrides and/or mixtures of diamines.
For poly(amic acid) and polyimide structures mentioned in the previous two 
paragraphs, examples o f dianhydrides that can be selected comprise 3,3',4,4'- 
benzophenonetetracarboxylic dianhydride (BTDA), 4,4'-oxydiphthalic anhydride 
(ODPA) or 2,2-bis(3,4-dicarboxyphenyl)hexafluoropropane dianhydride (6FDA) or 
pyromellitic dianhdride (PMDA), and examples of diamines comprise 4,4'-oxydianiline 
(4,4'-ODA), 3,4'-oxydianiline (3,4'-ODA), 2,2-bis(3-aminophenyl) hexafluoropropane 
(6FA), l,3-bis(3-aminophenoxy)benzene (APB), 2,2-bis[4-(4-aminophenoxy)phenyl]
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hexafluoropropane (4-BDAF), 3,5-diaminobenzoic acid (DABA), and such like. 
Examples o f other solvents comprise dimethylformamide (DMF), N-methylpyrollidinone 
(NMP), bis(2-methoxyethyl) ether (diglyme), dimethylsulfoxide (DMSO), and such like. 
Examples o f fully imidized and soluble polyimides include 6FDA and similar 
hexafluoroisopropylidene-containing monomers as the dianhydride with 4-BDAF, 
DABA, APB, and such like (Matsuura, Tohru; Ando, Shinji; Sasaki, Shigekuni; 
Yamamoto, Fumio, Macromolecules 1994, 27, 6665-70, and references therein).
Third, other polymers can be selected, from which films, coatings, objects, 
devices, articles, and structures can be constructed and on which a silvered surface is 
desired, in which the repeat unit or some fraction o f the repeat units must have one or 
more free, pendant carboxylic acid, sulfonic acid, or other acid groups, or the said acid 
groups converted to salts such as sodium, ammonium, and related salts obtained by 
neutralization o f the acidic moieties. Such polymers comprise poly(ethyl acrylate-co- 
acrylic acid), poly(methacrylic acid), poly(methyl methacrylate-co-acrylic acid), 
poly(methyl methacrylate-co-methacrylic acid), poly(n-butyl acrylate-cu-acrylic acid), 
poly(ethyl acrylate-co-acrylic acid),
poly(n-butyl acrylate-coacrylic acid), poly(ethylene-co-acrylic acid), and such like.
Silver (I) ion-doped polymer solutions.
To implement the fabrication o f a fully, that is, continuously, metallized polymer 
film as illustrated in Figure 1, a suitable polymer with a pendent acidic group, or salts 
thereof, as cited above is contained in a solvent, generally in the range of 5-25 weight 
percent polymer. To this solution o f polymer, an amount o f a silver(I) compound is
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added to give a weight percent silver, based on silver and polymer only, in the range of
0.1% to a maximum weight percent metal ion limited by the extent o f the metal ion 
compoundThe silver(I) compound is added directly to the polymer solution, or the 
silver(I) compound is dissolved in a small amount o f solvent with subsequent addition of 
the silver(I) solution by pouring or syringing it into the polymer solution. The silver(I) 
ion-doped polymer solution is stirred to obtain a uniform solution. Exemplars o f silver(I) 
compounds used in the preparation of silver(I) ion-doped polymers include, but are not 
limited to, silver(I) nitrate, silver(I) tetrafluoroborate,
(hexafluoroacetylacetonato)silver(I), (trifluoroacetylacetonato)silver(I), and l-(2- 
thienyl)-3,3,3(trifluoroacetonato)silver(I), (3-cyanoacetylacetonato)silver(I), 
(trifluoroacetato)silver(I), (2,2-dimethyl-6,6,7,7,8,8,8-heptafluoro-3,5- 
octanedionato)silver, (pentafluoropropionato)silver(I), (heptafluorobutyrato)silver(I), 
(trifluoromethane sulfonato)silver(I), and protocols for preparing silver(I)-doped polymer 
solutions and films are contained in the open literature including Davis, L. M.; 
Thompson, D. S.; Dean, C. J.; Pevzner, M.; Scott, J. L.; Broadwater, S. T.; Thompson, D. 
W.; Southward, R. E. Journal of Applied Polymer Science (2007), 103(4), 2409-2418. 
Silver-polyimide nanocomposite membranes: macromolecular-matrix-mediated 
metallization o f an aromatic, fluorinated polyimide yielding highly reflective films at low 
metal concentrations, Southward, R. E.; Thompson, D. W. Chemistry of Materials 
(2004), 16, 1277-1284. Metal-polyimide nanocomposite films: single-stage synthesis of 
silvered polyimide films prepared from silver(I) complexes and BPDA/4,4'-ODA, 
Southward, R. E.; Thompson, D. W. Materials & Design (2001), 22, 565-576.
Reflective and conductive silvered polyimide films for space applications prepared via a
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novel single-stage self-metallization technique, Southward, R. E.; Bagdassarian, C. K.; 
Sudol, C. J.; Wasyk, J. L.; Sproul, S. H.; Broadwater, S. T.; Scott, J. L.; Thompson, D. 
W. Journal o f Materials Research (1999), 14(7), 2897-2904. Synthesis o f surface- 
metalized polymeric films by in situ reduction of (4,4,4-trifhroro-l-(2-thienyl)-l,3- 
butanedionato) silver(I) in a polyimide matrix, Southward, R. E.; Thompson, D. S.; 
Thompson, D. W.; et al. Chemistry o f Materials (1999), 11, 501-507. Inverse Chemical 
Vapor Deposition: A Novel Single Stage Synthesis o f Highly Reflective and Conductive 
Silvered Polymeric Films, Southward, R. E.; Boggs, C. M.; Thompson, D. W.; et al. 
Chemistry o f Materials (1998), 10(5), 1408-1421. Synthesis o f Surface-Metalized 
Polyimide Films via in Situ Reduction o f (Perfluoroalkanoato)silver(I) Complexes in a 
Poly(amic acid) Precursor, Southward, R. E.; Thompson, D. S.; Thompson, D. W.; 
Caplan, M. L.; et al. Chemistry of Materials (1995), 7, 2171-80. Synthesis o f Reflective 
Polyimide Films via in Situ Silver(I) Reduction, and Boggess, R.K.; Taylor, L.T. in: 
W.D. Weber, M.R. Gupta (Eds.), Recent Advances in Polyimide Science and 
Technology, M id-Hudson Chapter SPE, New York, 1987, pp. 463—470.
With the silver(I) ion-doped polymer solution thus prepared, the solution is blade, 
spun, or otherwise cast as a film on a glass plate, silicon wafer, or other substrate as 
illustrated by the oval in Step 1 of Figure 1. The cast film on the plate is then placed in a 
box and flowing air (100-200 cu. ft./h) with a low relative humidity, for example 5%, is 
passed over the film until the film is depleted of solvent so as to be tack free. Generally, 
the doped film is left in the box for 12-24 h. Alternatively, the film is depleted of solvent 
in a vacuum chamber operating at room temperature for 1-3 h. After the doped film is 
depleted o f solvent, it is removed from the film box and treated with an aqueous reducing
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agent such as hydroxylamine or hydrazine to develop the silvered surface as illustrated in 
Step 2 o f Figure 1. The film is submerged in a solution o f the reducing agent, or the 
reducing solution is placed on the film attached to the casting plate. The film may be 
pretreated with dilute aqueous ammonia to speed the reduction process. Alternatively, 
the film may be taken from the film box and heated to a temperature in the range o f 13 5 
°C to 170 °C to remove small residual amounts of solvent before the film is treated with 
the reducing agent as described above. After reduction the fully metallized film is dried 
in air or vacuum. If  the surface-metallized film is a poly(amic acid), it may be used in the 
poly(amic acid) form, or, after metallization, the film may be heated to 275-300 °C to 
convert the base polym er to the polyimide form.
Schematic route to fabricating surface-patterned metallized polymer film s - Method 1 
(Figure 2).
Silver(I)-doped polymer films as described above in the Fabrication o f fully
surface-metallized films (Step 1 of Figure 1) are blade, spun, or otherwise cast as a film
on a glass plate as illustrated by the oval in Step 1 o f Figure 2. The cast film of Step 1 of
Figure 2 on the plate is placed in a box and flowing air (100-200 cu. ft./h) with a low
relative humidity, for example 5%, is passed over the film until the film is tack free.
Generally, the doped film is left in the box for 12-24 h. Alternatively, the film is depleted
of solvent in a vacuum chamber operating at room temperature for 1 -3 h. After the doped
film is depleted o f  solvent, it is removed from the film box and treated with an aqueous
reducing agent such as hydroxylamine or hydrazine to develop the silvered surface as in
Step 2 o f Figure 2. The film is submerged in a solution o f the reducing agent, or the
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reducing is placed on the film attached to the casting plate. The film may be pretreated 
with dilute aqueous ammonia at times to speed the reduction process. Alternatively, the 
film taken from the film box and heated to a temperature in the range o f 135 °C to 170 °C 
to remove small residual amounts o f solvent before the film is treated with the reducing 
agent to give the fully metallized film. The fully metallized film is then dried in air or 
vacuum. This is the same experimental protocol as above in the Fabrication of fully 
surface-metallized film (Step 2 of Figure 1). In Step 3 of Figure 2 the fully surface- 
metallized film is patterned by the ink-jet, screen, syringe, or otherwise printing or 
drawing o f a masking agent. One approach is to draw a pattern onto the fully metallized 
surface o f the film using a Sanford Permanent Marker pen. Such a pattern is illustrated in 
Step 3 o f Figure 2 by the array o f hexagons. The masking agent is allowed to dry in air at 
room temperature or dried with the aid o f a heat gun. In Step 4 o f Figure 2 the patterned 
surface-metallized film is placed in an etching bath, such as that supplied by Transene 
(Danvers, MA 01923) silver etchant type TFS solution, until the unmasked silver is 
removed. Finally, as illustrated in Step 5 o f Figure 2, the mask is washed from the film 
with an appropriate solvent; in the case o f the Sanford Permanent Marker, the mask is 
removed with ethanol. The resulting patterned metallized film is dried. The final film 
may be heated to further aggregate and/or sinter surface silver particles and, at times, 
increase the reflectivity and/or conductivity o f the silver pattern.
Schematic route to fabricating surface-patterned metallized polymer fdm s - Method 2 
(Figure 3),
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Silver(I)-doped polymer films as described above in Fabrication o f fully surface- 
metallized films (Figure 1) are blade, spun, or otherwise cast as a film on a glass plate as 
illustrated by the oval in Step 1 of Figure 3. In Step 2 o f Figure 3 the cast silver ion- 
doped film o f Step 1 o f Figure 3 is patterned by the ink-jet, screen, syringe, or otherwise 
printing or drawing o f a masking agent. One approach is to draw a pattern onto the fully 
metallized surface o f the film using a Sanford Permanent Marker pen. Such a pattern is 
illustrated in Step 2 o f Figure 3 by the array o f hexagons. The masking agent is allowed 
to dry in air at room temperature or dried with the aid o f a heat gun. As illustrated in 
Step 3 o f Figure 3, the patterned unreduced film is placed in a leaching bath to remove 
unmasked silver(I) ions. Leaching reagents include silver(I) complexing agents such as 
thiosulfate, ammonia, cyanide, and such like. After leaching, the mask is washed from 
the film with an appropriate solvent; in the case of the Sanford Permanent Marker, the 
mask is removed by washing with ethanol as illustrated in Step 4 o f Figure 3. The 
remaining silver(I) ions are treated with an aqueous reducing agent such as 
hydroxylamine or hydrazine to develop the silvered pattern as illustrated in Step 5 of 
Figure 3. The film is submerged in a solution of the reducing agent, or the reducing 
solution is placed on the air-side of the cast film.
Schematic route to fabricating surface-patterned metallized polymer film s - Method 3 
(Figure 4).
Silver(I)-doped polym er films as described above in Fabrication o f fully 
surface-metallized films (Figure 1) are blade, spun, or otherwise cast as a film on a 
glass plate as illustrated by the oval in Sep 1 o f Figure 4. In Step 2 o f Figure 4, a
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reducing ink consisting o f a reducing agent such as hydroxylamine or hydrazine in an 
appropriate solvent such as ethylene glycol, water, or such like, having a suitable 
viscosity for printing, is printed onto the silver(I)-doped polym er film o f Step 1 of 
Figure 4. After a time, generally in the range of 5-600 seconds, the printed reducing 
agent pattern, illustrated by the connected grid lines in Steps 2 and 3 o f Figure 4, 
develops a m etallic surface. The unreduced silver(I) may be left in the polymer film 
or leached from the polym er film using complexing agents such as thiosulfate, 
ammonia, cyanide, and such like as described above for Step 3 o f Figure 3 to give a 
final metallized pattern on a base as illustrated in Step 4 o f Figure 4.
Schematic route to fabricating surface-patterned metallized polymer fdm s - Method 4 
(Figure 5).
As illustrated in Step 1 o f Figure 5 an undoped, metal-free polymer film is cast as 
a base film. Onto this base a silver ion-doped polymer solution, as previously presented 
in Figures 1-4, is ink-jet, screen, syringe, brushed, or otherwise patterned onto the 
undoped, metal-free polymer base as illustrated in Step 2 o f Figure 5. The pattern is 
depleted o f solvent by placing the patterned assembly in a box and flowing air (100-200 
cu. ft./h) w ith a low relative humidity, for example 5%, is passed over the film until the 
film is depleted o f solvent so as to be tack free. Alternatively, the film is depleted of 
solvent in a vacuum  chamber operating at room temperature. After the pattern is 
depleted o f  solvent, the patterned assembly is treated with an aqueous reducing agent 
such as hydroxylam ine or hydrazine to develop the silvered surface as illustrated in Step 
3 o f Figure 5. The film is submerged in a solution o f the reducing agent, or the reducing
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solution is placed on the air-side o f the cast film. The film may be pretreated with dilute 
aqueous ammonia to speed the reduction process. Finally, the film may be heated in the 
range o f 150 to 200 °C to convert remaining silver(I) ions in the bulk to silver metal 
clusters.
Best modes fo r  carrying forth the invention.
Although the preferred embodiments o f the invention have been illustrated and 
described in the narratives, figures, and examples, it is to be understood that there is no 
intent to limit the invention to the precise constructions herein presented and disclosed, 
and it is to be further understood that the right is reserved to all changes and 
modifications coming within the scope o f the invention as defined in the appended 
claims.
Examples
The invention will now be explained in additional detail by reference to the 
following examples.
Example 1.
3,3',4,4'-Benzophenone tetracarboxylic dianhydride (BTDA)/4,4'-oxydianiline 
(4,4'-ODA) poly(amic acid) resin as a stock solution at 15 weight percent polymer in 
solvent was prepared by allowing 10.00 g (0.04994 mol) o f 4,4'-ODA and 16.253 g 
(0.05044 mol) o f BTDA to react in 149 g o f dimethylacetamide (DMAc) contained in
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a 250 mL round-bottomed resin kettle. To remove water from the glassware prior to 
adding the reagents, the kettle was heated for several minutes with a heat gun while 
dry nitrogen gas was flowing through the system. The order o f  addition under 
nitrogen was diamine, then solvent, and finally dianhydride. The polymerization 
reaction mixture was mechanically stirred for 5 h. Silver(I) acetate (0.262 g, 1.57 
mmol), l,l,l-trifluoro-2,4-pentanedione (0.274 g, 1.73 mmol), and pyridine (0.248 g, 
3.14 mmol), where added to DMAc (1.0 g) and allowed to react for 10 min, after 
which 10.0 g o f the BTDA/4,4'-ODA poly(amic acid) stock solution was added. After 
stirring the silver ion-doped poly(amic acid) solution for 30 minutes, a film was blade 
cast at a thickness o f  0.60 mm onto a glass plate. The film was then placed at room 
temperature in a film box which was constructed to allow dry air to flow over the 
sample at 150 cu. ft./h. The silver(I) ion-doped film was kept in the box until the film 
was tack free. The tack free film was removed from the box and heated over 20 min 
to 135 °C, held at 135 °C for 1 h, and then heated to 140 °C at 0.69 °C/min. The film 
was removed from the oven and allowed to cool to room temperature. The film was 
then immersed in a bath o f 0.5 volume percent aqueous hydrazine for 15 min 
whereupon a silver surface developed on the air-side o f the film. A two-point 
electrical resistivity measurement of the film found the film to be conductive in the 
metallic range, specifically, a two-point resistance at a probe spacing o f 1 cm was 2 
ohms. The film was highly specularly reflective to the eye.
Example 2.
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3,3',4,4'-Biphenyltetracarboxylic dianhydride (BPDA)/4,4'-oxydianiline (4,4'- 
ODA) poly(amic acid) resin was prepared as a stock solution at 15 weight percent 
polymer in solvent, as in Example 1, by allowing 10.00 g (0.04994 mol) o f 4,4'-ODA 
and 14.841 g (0.05044 mol) o f BTDA to react in 141 g o f dimethylacetamide 
(DMAc). Silver(I) acetate (0.262 g, 1.57 mmol) and 1,1,1,5,5,5-hexafluoro-2,4- 
pentanedione (0.359 g, 1.73 mmol) were added to 1.5 g o f DMAc. The resulting 
solution o f  the (l,l,l,5,5,5-hexafluoro-2,4-pentanedionato)silver(I) complex was 
stirred for several minutes, after which 10.12 g of the BPDA/4,4'-ODA poly(amic 
acid) stock solution was added. After stirring for 30 minutes, a film was blade cast at a 
thickness o f 0.60 mm onto a glass plate. The film was then placed at room 
temperature in a film box which was constructed to allow dry air to flow over the 
sample at 150 cu. ft./h. The silver(I) ion-doped film was kept in the box until the film 
was tack free. The tack free film was removed from the box and heated over 20 min 
to 135 °C, then removed from the oven and allowed to cool to the ambient 
temperature. The film was then immersed in a bath o f 0.1 volume percent aqueous 
hydrazine for 15 min whereupon a silver surface developed on the air-side o f the film. 
The two-point electrical resistance of the film was 2 ohms. The film was highly 
specularly reflective to the eye.
Example 3.
The polyimide form o f the copolymer formed from 2,2-bis(3,4- 
dicarboxyphenyl)hexafluoropropane dianhydride (6FDA) with an equimolar diamine 
mixture o f  4,4'-oxydianiline (4,4'-ODA) and 3,5-diaminobenzoic acid (DABA) was
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formed in a 250-mL resin kettle. To remove water from the glassware, the kettle was 
heated for several minutes with a heat gun while dry nitrogen gas to flowing through the 
system. Under a slow flow o f nitrogen gas DABA (3.016 g, 198.2 mmol) and 4,4'-ODA 
(3.972 g, 198.4 mmol) were added as solids directly to the kettle. DMAc (60 mL) was 
then added, and the mixture o f diamines was dissolved by stirring. 6FDA (17.603 g, 
396.3 mmol) was finally added as a solid directly to the resin kettle with the nitrogen 
slowly flowing. An additional 40 mL o f DMAc was added. The final reaction mixture 
was stirred at room temperature for 15 h. The viscosity o f the solution increased 
continually for the first one hour and then appeared to remain roughly constant. The 
poly(amic acid) prepared above was slowly poured (over a 5 minute period) into a 
magnetically stirred mixture o f 150 mL each o f acetic anhydride and pyridine. The 
solution was then heated to 60 °C and stirred for 3 h. The solution was allowed to cool to 
the ambient temperature. A high-speed blender was assembled, and the polyimide 
solution was added over 30 min to the rapidly stirring blender containing 500 mL of 
deionized water through a dropping funnel. Periodically, cubes o f ice were added to 
maintain the system near room temperature. The precipitated polyimide was filtered 
using a Buchner funnel, and washed with 500 mL o f deionized water. The resulting solid 
polyimide was dried at 100 °C in air and then in a vacuum oven at 150 °C for 10 h. The 
isolated yield was 22.5 g or 97.1%.
A film containing 8.0 weight percent silver in the above copolymer, 6FDA/4,4'- 
ODA-DABA, was prepared as follows. Silver(I) oxide (0.172 g, 0.742 mmol) was added 
to a 12-mL glass jar, followed by 2.0 g o f DMAc, trifluoromethane sulfonic acid (0.222 
g, 1.48 mmol), and finally another 2.0 g o f DMAc. The reaction mixture was stirred for
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15 min to form (trifluoromethane sulfonato)silver(I). To this (trifluoromethane 
sulfonato)silver(I) solution, 2.00 g o f the fully imidized form o f 6FDA/4,4'-ODA-DABA 
was added, followed by 4.0 g DMAc. The resulting solution was stirred for 1 h. A film 
was cast onto a glass plate at a thickness of 0.45 mm with a doctor blade. The silver(I)- 
doped film was then placed in a film box for 15 h with dry air (relative humidity at 22 °C: 
5%) flowing through the box to evaporate DMAc. The tack free film was then treated 
with the following reducing agents, both with and without pre-treating the surface with
0.1 M aqueous ammonia: 0.2 M sodium borohydride, 1.0% methyl hydrazine, 1.0% 
hydroxylamine, and 1.0% hydrazine monohydrate. Sodium borohydride did not give a 
reflective or conductive surface, with or without ammonia pre-treatment. Methyl 
hydrazine gave slightly reflective surfaces, with a sheet resistivity o f 19,000 ohms/square 
without ammonia treatment, and a sheet resistivity o f 4500 ohms/square with ammonia 
pre-treatment. Hydroxylamine afforded highly specularly reflective surfaces to the eye, 
with a sheet resistivity o f 2.8 ohms/square without ammonia pre-treatment, and a sheet 
resistivity o f 0.03 ohms/square with ammonia pre-treatment. Hydrazine also afforded 
highly specularly reflective surfaces to the eye, with a sheet resistivity o f 1.8 ohms/square 
without ammonia pre-treatment, and a sheet resistivity of 0.03 ohms/square with 
ammonia pre-treatment.
Example 4.
2,2-Bis(3,4-dicarboxyphenyl) hexafluoropropane dianhydride (6FDA)/3,5- 
diaminobenzoic acid (DABA)-2,2-bis[4-(4-aminophenoxy)phenyl] hexafluoropropane 
(4-BDAF) poly(amic acid) copolymer resin was prepared by allowing 0.340 g (2.24
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mmol) of DABA and 0.579 g (1.12 mmol) of4-BD AF and 1.490g (3.36 mmol) of 
6FDA to react in 7.0 g o f dimethylacetamide (DMAc), similarly to the procedure in 
Example 3. This poly(amic acid) solution was added to 40 mL o f an acetic 
anhydride:pyridine solution (1:1 by volume). The solution was heated to 60 °C for 4 
h to effect loss o f  water and cycloimidization o f the poly(amic acid). The polyimide 
solution was dripped into 100 mL of water, whereupon the polyimide precipitated. 
This final polyimide was filtered, washed with 100 mL o f water, and dried under 
vacuum at 150 °C for 6 h. Silver(I) acetate (0.262 g, 1.57 mmol) and 1,1,1,5,5,5- 
hexafluoro-2,4-pentanedione (0.359 g, 1.73 mmol) were added to 7.5 g o f DMAc. To 
this solution o f  the (l,l,l,5,5,5-hexafluoroacetylacetonato)silver(I) complex, 1.4 g of 
the polyimide form o f 6FDA/DABA-4-BDAF was added. The resulting silver(I) ion- 
containing polyimide solution was stirred for 1 h. A film was cast onto a glass plate at 
a thickness o f 0.60 mm with a doctor blade. The film was then placed at room 
temperature in a film box which was constructed to allow dry air to flow over the 
sample at 150 cu. ft./h (relative humidity at 22 °C: 5%). The silver(I) ion-doped film 
was kept in the box for 15 h, until the film was tack free. The tack free film was 
removed from the box and was then immersed in a bath o f 0.1 volume percent 
aqueous hydrazine for 15 min whereupon a silver surface developed on the air-side of 
the film. The two-point electrical resistance o f the film was 2 ohms. The film was 
highly specularly reflective to the eye.
Example 5.
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2,2-Bis(3,4-dicarboxyphenyl) hexafluoropropane dianhydride (6FDA)/3,3'- 
diaminobenzoic acid (DABA) resin was prepared by allowing 0.510 g (3.36 mmol) of 
DABA and 1.490g (3.36 mmol) of 6FDA to react in 7.0 g o f dimethylacetamide 
(DMAc), similarly to the procedure in Example 3. This poly(amic acid) solution was 
added to 40 mL o f an acetic anhydride:pyridine solution (1:1 by volume). The 
solution was heated to 60 °C for 4 h to effect loss o f water and cycloimidization of the 
poly(amic acid). The polyimide solution was dripped into 100 mL o f water, 
whereupon the polyimide precipitated. This final polyimide was filtered, washed with 
100 mL o f water, and dried under vacuum at 150 °C for 6 h. Silver(I) acetate (0.275 
g, 1.65 mmol) and l,l,l,5,5,5-hexafluoro-2,4-pentanedione (0.493 g, 2.37 mmol) 
were added to 7.1 g o f DMAc. To this solution of the (1,1,1,5,5,5- 
hexafluoroacetylacetonato)silver(I) complex, 1.6 g o f the polyimide form o f 
6FDA/DABA was added. The resulting silver(I) ion-containing polyimide solution 
was stirred for 1 h. A film was cast onto a glass plate at a thickness o f 0.60 mm with 
a doctor blade. The film was then placed at room temperature in a film box which 
was constructed to allow dry air to flow over the sample at 150 cu. ft./h (relative 
humidity at 22 °C: 5%). The silver(I) ion-doped film was kept in the box for 15 h, 
until the film was tack free. The tack free film was removed from the box and was 
then immersed in a bath o f 0.1 volume percent aqueous hydrazine for 15 min, 
whereupon a silver surface developed on the air-side o f the film. The two-point 
electrical resistance o f the film was 2 ohms. The film was highly specularly reflective 
to the eye.
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Example 6.
Using a red Sanford Permanent Marker, a 1.0 mm line pattern was drawn on a 
2 cm x 2 cm piece o f the silver(I) ion-doped polymer film o f Example 2. This 
patterned silver ion-doped film was then placed in a stirring 0.32 M aqueous sodium 
thiosulfate solution for 15 min. The film was removed, rinsed with deionized water, 
and the line pattern washed off with ethanol. The film was finally placed in 0.1 
volume percent hydroxyl amine for 10 min, whereupon the portion o f the film 
previously covered with the line pattern mask became silvered with a two-point 
resistance o f  35 ohms at a probe separation of 1 cm. Only the initially masked pattern 
developed a conductive silver surface.
Example 7.
A similarly prepared and thermally treated silver(I) ion-doped polymer film to 
that o f Example 1 was fully metallized by treating the silver(I) ion-doped polymer 
film with 0.5 volume percent aqueous hydrazine monohydrate for 5 min. This fully 
surface-metallized film was line patterned with a red Sanford Permanent M arker as in 
Example 6. The line width was 0.5 mm. The line-patterned (i.e., line-masked) film 
was placed in a Transene (Danvers, MA 01923) silver etchant type TFS solution for 5 
min. The unmasked, exposed silver surface of the film was completely removed. The 
line pattern mask was then washed from the film with ethanol to expose the silvered 
line pattern. Two-point resistance o f the line was 10-15 ohms at 1.0 cm probe 
spacing.
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Figures
Figure 1. Schematic route to fabricating fully surface-metallized polymer films.
Step 1
Cast Ag+-doped 
polymer film
Film
plate
Cast a Ag+-doped polymer film Develop silvered film by reduction 
protocol, taking silver ions to silver 
metal
Figure 2. Schematic route to fabricating surface-patterned metallized polymer films 
M ethod 1.
Step 1
Cast Ag+-doped 
polymer filmFilm
plate
Cast Ag+-doped polymer film
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Develop silvered film by 
reduction protocol
Silvered 
polymer film
Silvered 
polymer film
pattern masked
silver
etc hed
Apply protective mask 
to silvered film
Etch unmasked Ag away 
with commercial solution
Step 5
Silver
pattern
exposed
Film
plate
Wash mask o ff with solvent
to reveal silvered pattern
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Figure 3. Schematic route to fabricating surface-patterned metallized polymer films - 
Method 2.
Step 1
Film
plate
Cast Ag+-doped polymer film
Step 3
Film
plate
Leach unmasked Ag+ from film
with com plexing agent
Step 2
Film
plate
Apply mask pattern to 
Ag+-doped polymer
Step 4
Film
plate
Wash mask o ff to expose 
Ag+-containing patterned area
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Step 5
Film
plate
Produce metallized pattern 
by reduction protocol for Ag+
Figure 4. Schematic route to fabricating surface-patterned metallized polymer films - 
Method 3.
Step 2
Film
plate
Cast Ag+-doped polymer film Print reducing ink as a pattern
onto Ag -doped film
r+^ g  Ag+
Ag+
Ag+
Cast A 
polymer film
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Metallized pattern develops 
with time. W ash excess ink 
from film.
Step 4
Film
plate
Heat final film to ca. 150 °C to fix excess 
Ag+ as Ag° particles, or leach with 
complexing agent to remove excess Ag+
Figure 5. Schematic route to fabricating surface-patterned metallized polymer films - 
Method 4.
Undoped polym er 
base film
Cast undoped, metal- free p r ^  Ag+-doped polym er pattern on the
polymer base film base via screen, ink jet, syringe, etc.
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Treat with reducing agent to 
develop metallized pattern
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